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"I don't know anything, but I do know that 
everything is interesting if you go into it 
deeply enough." 
– Richard Feynman – 
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It is known that boron containing compounds exhibit interesting chemical and physical 
properties and, in addition, boron shows a high tendency to form amorphous products over a 
wide range of temperatures. In the 
compounds with the heavier chalcogens, 
sulfur and selenium, both features are 
combined to open an intriguing field. In the 
past 50 years modern preparative methods 
have led to an overwhelming number of 
different structures of novel and often 
unexpected boron–sulfur and boron–selenium 
compounds. Among all these new 
compounds, there was only one which 
comprises rare earth metal (RE), boron and heavier chalcogen, namely sulfur, the europium 
thioborate Eu[B2S4] [2]. Selenoborates of rare earth metals are hitherto unknown. On the 
other hand, rare earth oxoborates represent a well-known class of compounds [3] with a wide 
range of applications, especially in the field of optical materials. Figure I. 1 schematically 
presents the number of known oxo-, thio- and selenoborates. 
 
1. Motivation and scope of the work  
 
The research at the Max Planck Institute for Chemical Physics of Solids on preparation 
and crystal chemistry of RE compounds was initially focused on RE borophosphates [4]. The 
driving idea behind was the preparation of low-dimensional materials which might have 
interesting (RE-dominated) physical properties. In our search for new and challenging RE 
containing systems we came across the RE thio- and selenoborates which, in fact, were nearly 
unexplored (Figure I. 1, outlined area). 
 Well-defined boron compounds containing the heavier group 16 elements are fairly 
difficult to prepare due to the high reactivity of in situ formed boron chalcogenides towards 
most container materials at elevated temperatures. The chalcogenoborates of the heavier 
chalcogens are sensitive against oxidation and hydrolysis and therefore have to be handled in 
an inert environment. Generally, high temperature reactions of the elements or the binary 
sulfides in closed systems mostly yield thioborates with either trigonal-planar or tetrahedrally 
coordinated boron, as observed for several alkali, alkaline-earth, transition and post transition 
metal compounds such as M [BS2], M [B2S4], M [B4S10], M [BS3], M [B2S7] and M [B3S6], 
Figure I. 1: Numbers of known crystal 
structures of ternary chalcogenoborates             
(ICSD 2008-2 [1]). 
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as well as ‘‘perthioborates’’ M [B2S5] and M [BS3] and the sulfur-deficient phases 
M [B18S18], containing icosahedral boron clusters [5, 6]. In this respect the ternary compound 
BaB2S4 [7] is an exception by containing both trigonal-planar BS3 and tetrahedral BS4 groups 
which are connected via common corners resulting in infinite chains. The crystal structure of 
the, until recently, only known rare earth thioborate EuB2S4 [2] reveals polymeric [(B2S4)
2–] 
units composed of BS4 tetrahedra connected via common corners and edges. Various types of 
chalcogenoborate complexes are found in binary boron sulfides as well as in ternary and 
quaternary thioborates containing boron in trigonal-planar and/or tetrahedral coordination [6]. 
While trigonal-planar thioborate units tend to form rather simple monomers and oligomers, 
tetrahedral thioborate units are always connected to form larger complexes with often infinite 
extension [8-11]. The smallest possible tetrahedral unit, an isolated [BS4]
5– species, has not 
been observed until now. 
The fact that there was only one report on a crystal structure of a RE thioborate (Eu[B2S4] 
[2]) is mainly due to the lack of improved preparation techniques for thioborate syntheses. 
Therefore, we started to develop and optimize useful appropriate routes for the preparation of 
pure and crystalline RE thio- and selenoborates. 
During our work we have discovered two series of thioborate compounds containing rare 
earth metals, namely a group of isotypic rare earth orthothioborates REIII[BS3] (RE = La – Nd, 
Sm, Gd, and Tb) [12-15], containing trigonal-planar [BS3]
3– units, and a group of isotypic rare 
earth thioborate sulfides with the general formula RE B5S21, (RE = Gd – Lu, and Y) [6], 
containing both trigonal-planar [BS3]
3– and tetrahedral [BS4]
5– units, as well as intrinsic 
vacancies. 
This work comprises the report on different preparation routes and describes the crystal 
structures of newly synthesized compounds, RE[BS3] (RE = La – Nd, Sm, Gd, and Tb) and 
RE9B5S21, (RE = Gd – Lu, and Y), as the first examples of ternary thioborates containing 
trivalent cations. Magnetic, optical and thermal properties are also discussed. 
Like most rare earths, gadolinium forms trivalent ions which have fluorescent properties. 
Gd(III) salts have therefore been used as green phosphors in various applications, i.e. color 
TV tubes or CDs. Gadolinium as a phosphor is also used for other imaging applications, 
especially in medicine. In X-ray systems, gadolinium is contained in the phosphor layer, 
suspended in a polymer matrix at the detector. Doping with Ce or Tb enhances the fluorescent 
properties. Terbium doped gadolinium oxysulfide (Gd2O2S: Tb) at the phosphor layer 
converts the X-rays released from the source into light. This material emits green light at    
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540 nm due to the presence of Tb3+, which is very useful for enhancing the imaging quality. 
Gadolinium oxyorthosilicate (Gd2SiO5, GSO; usually doped by 0.1 % – 1 % of cerium) as a 
single crystal is used as a scintillator in medical imaging such as position emission 
tomography or for detecting neutrons. Also Eu3+ is known for its luminescence properties. In 
order to investigate fluorescent and luminescent properties of gadolinium thioborate, we had 
interest in preparing Gd[BS3] samples doped with Ce, Eu, and Tb. 
The compounds with the general formula RE[BS3] can be obtained by applying the 
high-temperature synthetic routes and/or high-pressure high-temperature (Hp – HT) 
conditions, as well as by metathesis reactions, whereas the compounds from the RE9B5S21 
series can be obtained only at Hp – HT conditions. The crystal structures were determined 
from X-ray powder diffraction data and X-ray single crystal analysis. The rare earth 
orthothioborates, RE[BS3], have a structure of layered corrugated kagome nets formed by the 
sulfur atoms, where every second triangle is occupied by boron and the large hexagons are 
centered by RE cations. The rare earth thioborate sulfides, RE9B5S21, crystallize in the 
hexagonal space group P63 with the aristotype structure Ce6Al3.33S14 [17]. The vacancy 
distribution in the crystal structure of Lu9[BS3]2[BS4]3S3 was exemplary investigated by 
EXAFS, TEM and quantum mechanical calculations. 
 
2. Literature overview 
 
In this chapter an overview of the binary subsystems of the ternary RE–B–Q (RE = rare 
earth metals, Y; Q = S, Se) systems is presented together with an overview of ternary rare 
earth oxoborates and thio- and selenoborates of alkaline, earth alkaline, transition and post 
transition metals.  
Several binary compounds from the systems RE–Q and RE–B were used as starting 
materials and were also sometimes obtained as main reaction products. On the other hand, 
several binary B–Q compounds were frequently obtained as the reaction by-products.  
As boron readily reacts with oxygen, in case that oxygen is present in the system during 
syntheses of rare earth thioborates, rare earth oxoborates are formed (i.e. β-Lu[BO3] [18], 
more details in the Appendix). Therefore, the reaction products are carefully analyzed for 
presence of rare earth oxoborates. In addition, crystal structures of rare earth oxoborates and 
thio- and selenoborates of alkaline, earth alkaline, transition and post transition metals are 
analyzed in order understand the nature of the coordination environment of boron atoms and 
dimensionality of the ionic parts in these structures.       
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2.1 The binary subsystems of the ternary systems RE–B–Q                                  
(RE = rare earth metals, Y; Q = S, Se) 
 
2.1.1 RE–Q 
 
The rare earth elements form a very large number of binary sulfides, selenides, and 
tellurides, which belong to various crystal structure types. Although nonstoichiometry and 
metallicity are more pronounced in the selenides and tellurides, as the ionic character of the 
bonding decreases with increasing atomic number of the chalcogen, many metallic sulfides 
are also known. The sulfides are stable in dry air, yet they undergo slow hydrolysis in moist 
air. They are practically insoluble in water, but soluble in acids with evolution of H2S. They 
are oxidized to oxide sulfates above 473 K – 573 K on heating in air [19]. Monosulfides tend 
to eliminate RE metal and to transform to RE3S4 phases at these temperatures. Polysulfides 
transform to sesquisulfides with the loss of sulfur under high vacuum at temperatures above 
773 K. The thermal stability of these compounds decreases with decreasing radius of the RE 
ion. The selenides behave similarly to the sulfides, but they are chemically slightly less 
reactive, and have higher melting points. Polyselenides are thermally more stable than 
polysulfides, but can also be decomposed under high vacuum. Almost all RE sulfides and 
selenides are colored intensively; yellow, brown, and violet, up to the prevailing black tones. 
Compact products often have a metal-like shine. The properties of many RE sulfides can 
change considerably within their homogeneity ranges. Polymorphous modifications with 
different properties exist for many sulfides. 
The crystal structures of the binary sulfides and selenides are, for the most part, presently 
well known. However, the crystal structures of some phases still remain unsolved, especially 
within the group of polychalcogenides, and subchalcogenides. In these cases the structural 
studies are often complicated by the simultaneous appearance of twins and super structures 
for nonstoichiometric compositions.  
The RE–Q systems contain many phases. Among these phases are RE2Q3, RE5Q7, REQ2-δ, 
REQ, and several compounds with unusual stoichiometries [19]. Some phase diagrams have 
been described even though their study is difficult because of the high melting points of the 
RE2Q3 compounds and the subchalcogenides. The following phase diagrams of the binary rare 
earth sulfide and selenide systems have been described [19, 20]: La–S (in the La2S3 – LaS2 
region), La–Se, Eu–S, Eu–Se, Er–Se, Yb–S and Ce–S.  
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  RE2Q3 compounds (RE sesquisulfides and sesquiselenides) 
The rare earth sesquisulfides (RE = La – Sm, Gd – Lu, Y, and Sc) exhibit a large number 
of crystal structure types usually designated by the Greek letters α, β, γ, δ, ε, τ or θ, and φ, but 
in the more recent literature also the Latin letters A, B, C, D, E, T and F are used (Table I. 1). 
Only Sc2S3 occurs in a unique orthorhombic structure type Φ (φ or ζ) [19]. Eu2S3 had been 
regarded as nonexistent until the late seventies when it was obtained for the first time as 
orthorhombic α-Eu2S3 [21]. Pm2S3 has not been studied. Dy2S3 and Y2S3 are polymorphic, 
occurring in both α and δ forms [19]. The coordination number in the MSn polyhedra in the 
crystal structures of the sulfides RE2S3 varies between 6 and 8. It is 6 in ε-RE2S3, 7 in the high 
pressure phases of the U2S3 type, 6 and 7 in δ-RE2S3, 7 and 8 in α-RE2S3, and 8 in γ-RE2S3.  
The rare earth sesquiselenides belong to three structure types: body centered cubic Th3P4 
type (also called γ or C) for RE = La – Sm, Gd – Lu, and Y, orthorhombic U2S3 type (η) for 
RE = Gd – Dy, and orthorhombic Sc2S3 type (ζ, Φ, or F) for RE = Dy – Lu, and, Y and Sc     
(Table I. 1). 
According to literature data, the γ phase exists up to Dy. However, its stabilization has 
been extended to the whole series of RE elements (including Y) by using high temperatures 
and pressures (2273 K and 7.7 GPa) [22] or mechanical alloying [23].  
Table I. 1: Overview of known RE sesquisulfides and sesquiselenides. 
Crystal type 
Structure 
type 
Crystal system / 
Space group 
Known RE 
sesquisulfides 
References 
Known RE 
sesquiselenides 
References 
α or A Gd2S3  
Orthorhombic / 
Pnma 
La – Dy, Eu*) 
[19, 23, 
24] 
  
β La2S3 
Tetragonal / 
I41/acd 
La, Ce [19]   
γ  or C 
defective 
Th3P4 
Cubic / I43d 
La – Nd,      
Sm – Dy;      
Dy – Lu, Y **) 
[19, 23, 
24] 
La – Sm,        
Gd – Lu, Y 
[19, 23, 24 
31-37] 
δ or D Ho2S3 
Monoclinic /  
P21/m 
Dy – Yb 
[19, 23, 
24] 
  
ε or E Al2O3 Trigonal / R3c Tm – Lu 
[19, 23-
36] 
  
τ, θ, or T 
Tl2O3 or 
Mn2O3 
Cubic / Ia3 Er – Yb 
[19, 27, 
28] 
  
ζ, Φ or F Sc2S3 
Orthorhombic /  
Fddd 
Sc 
[19, 23, 
24] 
Dy – Lu, Sc, Y 
[19, 23, 
24, 34] 
RE2S3-III
***) 
U2S3 
Orthorhombic / 
Pnma 
Gd – Lu, Y 
[19, 29, 
30] 
Gd – Dy 
[19, 23, 
24] η 
*) Orthorhombic α-Eu2S3 [21] was obtained in the late seventies of the twentieth century 
**) More recent results; According to the older data, the γ phase exists up to Dy 
***) High-pressure, metastable phases 
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The body centered cubic cell of these compounds contains 16/3 RE2S3, or four RE8/3S4 
formula units. The ideal composition is RE3S4 with Z = 4. Compounds with the ideal 
composition RE3S4 are reported for RE = La – Nd, Sm – Dy, and Lu, while in case of           
RE = Ho – Yb, and Y compounds with composition RE8/3S4 occur [19, 23, 24], whereas for 
RE = Sm, Tb, Dy, and Lu both stoichiometries exist [19, 23, 24, 38]. In these compounds, 
vacancies exist on the metal site, and have a disordered arrangement. The non-balanced ionic 
charges in these compounds results in a metallic behavior. In the case of Sm and Eu, the 
behavior is very different, resulting from the great stability of their divalent state in the 
chalcogenides. The Sm3S4 and Eu3S4 compounds are semiconductors. The homogeneity range 
around Eu3S4 is very narrow, while for Sm it goes from Sm3S4 to Sm2S3, by substitution of 
Sm(II) by 2/3 Sm(III) + 
1/3. Several chemical compositions of these phases are reported [19, 
23, 24, 38], namely Sm2.67S4, Sm2.71S4, Sm2.88S4, Sm2.94S4, and Sm3.05S4, all crystallizing in 
Th3P4 type structure.  
An orthorhombic structure of Gd2S3 type (space group Pnma) has been reported for 
Gd3S4 and Tb3S4 [23]. Mixed valent Yb3S4 (Yb Yb S4) [23] crystallizes in orthorhombic 
structure too (space group Pnma). Ytterbium is the only rare earth element known to form 
Yb3S4 [23] structure type sulfide, where the Yb
III atoms are six-fold coordinated by sulfur 
atoms (slightly distorted octahedra). The YbII atoms are 7-prismatic coordinated. The 
homogeneity range of this phase extends from Yb2.817S4 to Yb2.985S4. Solid solutions of      
Yb3-xS4 are formed by substitution of 3Yb
2+ by 2Yb3+ + , and the vacancies are localized 
exclusively in the prismatic sites [23]. Lu3S4 was also found to crystallize in orthorhombic 
structure (space group Fddd) [23, 39].  
The sesquiselenides with trivalent RE are stoichiometric, whereas Yb3Se4, containing 
Yb2+, exhibits a wide homogeneity range down to YbSe [23]. 
In addition to the phases observed at atmospheric pressure, RE2S3 also exists in 
metastable orthorhombic high-pressure phases with the U2S3 structure (space group Pnma,    
Z = 4) designated as RE2S3-III.  
A monoclinic high pressure form of Tm2S3-II exists and can be obtained from δ-Tm2S3 at 
1273 K and 1 GPa [23]. This structure has a monoclinic symmetry, space group P21/m.   
Er2S3-II, obtained by vapor transport, was also reported [40].  
Sc2S3 type structures (ζ, Φ or F) result by ordering of cations and vacancies in a NaCl 
array, with the appearance of an orthorhombic Fddd superstructure [23]. Sc2S3 is the only 
sulfide known so far to crystallize in this structure type. Rare earth selenides and tellurides, 
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with the RE elements of the second part of the lanthanide family, usually crystallize in this 
structure type.  
 
  RE5Q7 compounds 
In the course of investigations of the high-pressure polymorphism of rare earth 
sesquiselenides, a new phase was found in the system Yb–Se, namely Yb5Se7. It forms by 
high-pressure decomposition of Yb2Se3 at elevated temperature, and it is basically 
isostructural with Y5S7 [19, 23, 24], space group C2/m. The crystal structure, however, shows 
some peculiarities. The Yb atoms are coordinated by 6 and 7 Se atoms. The chemical formula 
Yb5Se7 can be written as YbSe · 2Yb2Se3 or Yb
2+Yb Se7. This would agree with the well-
known stability of divalent ytterbium. The isostructural compound Y5S7, however, shows that 
the 5:7 stoichiometry can also be approached with rare earth elements without stable divalent 
states. Y5-xSe7 was also reported, however in space group Cm [23]. The rare earth sulfides 
RE5S7 with RE = Tb – Tm are isostructural to Y5S7 [23].  
A high pressure phase β’-La2S3 can be obtained from β-La2S3 by applying high 
temperatures and pressures (1873 K and 9 GPa to 10 GPa) [19]. The symmetry is tetragonal, 
space group P4bm. The formula of the compound can be written as La5S7. Mixed ionic and 
metallic bondings are present.  
 
  REQ2-δ (0 ≤ δ < 0.4) compounds (RE polysulfides and polyselenides) 
Polysulfides and polyselenides are related classes of compounds. The REQ2 composition 
is usually attributed to these compounds, although different superstructures corresponding to 
the narrow composition ranges exist. The terms “polysulfide” and “polyselenide” are used 
herein to describe compounds containing sulfur/selenium in excess of the rare earth’s trivalent 
stoichiometry requirements. 
The structural chemistry of the polychalcogenides of the trivalent rare earth metals   
REQ2-δ (RE = La – Nd, Sm, Gd – Lu, Y; 0 ≤ δ < 0.4) is characterized by a multiplicity of 
compounds which exhibit closely related crystal structures with slightly different 
compositions [41-47]. Twinning appears very frequently in the rare earth polychalcogenides, 
which, in many cases, considerably impedes the crystal structure solutions [48]. The 
structures consist of alternating stackings of puckered [REQ] double layers and planar [Q] 
layers and can be regarded as superstructures of the ZrSSi type structure [49]. This principal 
pattern is also found in the tetragonal compounds of the ZrSSi, PbFCl, anti-Fe2As, and anti-
Cu2Sb types. The ZrSSi type, however, is preferred as basic type (aristotype) because of its 
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striking similarities to the REQ2-δ, 0 ≤ δ < 0.4, compounds. Covalent bonds are formed 
between the atoms of the planar chalcogen layers in the rare earth polychalcogenides, which 
leads to structural distortions. As a result, the disulfides RES2.0 and diselenides RESe2.0 show 
a herringbone-like pattern of dumbbell-like S2–2  and Se
2–
2  dimers, respectively. The chalcogen 
layers of the compounds RES2-δ and RESe2-δ with δ > 0 exhibit defects as well as isolated Q
2– 
anions besides dichalcogenide dianions Q	 –. The number of chalcogen defects and their 
assembly are crucial items of these structures: they determine which kind of superstructure is 
formed. In compounds with δ > 0, chalcogen deficiencies are only observed within the square-
planar [Q] layers [50].  
Three commensurate superstructures of ZrSSi aristotype are known for the rare earth 
polyselenides [43]:  
- CeSe2 type, a two-fold superstructure with δ = 0;  
- CeSe1.9 type, a ten-fold superstructure with δ < 0.1 (i.e. 10 % Se defects within the 
square-planar layers); 
- Gd8Se15 type, a 24-fold superstructure ideally with δ = 0.125 (12.5 % Se defects within 
the square-planar layers).  
 Only for the latter structure type additional chalcogen deficiencies have been noticed i.e.  
in Er8Se14.9 [51] and Y8Se14.7 [52]. There are several indications for further, chalcogen poorer 
selenides between the phases RESe2 and RE2Se3 [53, 54]. Several such incommensurable 
structures have been published for δ ≈ 0.15: a new structure type PrSe1.85 [53] for rare earth 
polyselenides of the formula type RESe2-δ with δ = 0.16(1) was established comprising the 
binary compounds LaSe1.85 [55], CeSe1.83 [55], PrSe1.85 [53], NdSe1.83 [55] and SmSe1.84 [55]. 
The incommensurable structures of DySe1.84 [55, 56] and the binary sulfide GdS1.82 [57] as 
well as the selenide DySe1.85 [58] are closely related, but resemble some differences in 
symmetry and modulation wave vectors and should not be assorted to this structure type. 
The compound EuSe2 [59] is an exception.  It crystallizes in the tetragonal space group, 
I4/mcm, Z = 4, adopting the CuAl2 [60] or SrS2 [61] structure type, and containing rows of 
staggered diselenide dumbbells running parallel to the c axis, separated by rows of square 
antiprismatically coordinated Eu atoms.  
The crystal structures of rare earth polysulfides reveal tetragonal, orthorhombic and 
monoclinic symmetry, respectively. As for the rare earth polyselenides, they are all described 
by superstructures related to the aristotype structure ZrSSi. The superstructures have a 
tendency towards formation of closest-packed structures, in which the maximum possible 
symmetry is combined with a minimum cell volume.  
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The structures of rare earth polysulfides RES2–δ can be divided into three groups [62]:  
-  The rare earth disulfides RES2 (δ = 0) formed with RE = La – Nd; but also for            
RE = Tb – Lu and Y;  
-  The chalcogen deficient phases RES1.9 (δ = 0.1) with RE = La – Nd, Sm, and Gd. These 
compounds are all isotypic, and they adopt the Ce10Se19 structure type. However, according to 
another group of authors [63], GdS1.9 crystallizes in the NdS2 type; 
-  The existence of compounds with composition RES2–δ (0.11 ≥ δ ≥ 0.3) is suggested for 
RE = Pr, Gd – Ho, Yb and Y.  
The YbS2 monoclinic cell (BaS2 type [64], C2/c) is not related to the preceding schemes. 
Instead, all the sulfur atoms are present as S2–2  pairs, and this compound represents a disulfide 
of divalent Yb [65].  
The variety of structure types of the rare earth polychalcogenides is shown in Table A. 1 
in the Appendix, where all the known rare earth polychalcogenides are listed. 
 
   REQ compounds (RE monosulfides and monoselenides)  
All monosulfides of the rare earth elements crystallize in the cubic NaCl structure, space 
group Fm3m with Z = 4. In all RES compounds, except for SmS, EuS, and YbS, the RE metal 
is trivalent. These compounds are mostly golden yellow with a metallic luster. They are 
electrical conductors with semimetallic behavior. They exist in a sequence of closely spaced 
or even contiguous phases. In many cases the range extends from RE0.75S to RES [66-69], 
even from RE0.5S to RES in case of La. The phase width of LuS extends from LuS0.75 to 
LuS1.25 [67, 68]. The chemical bonding in the monosulfides with trivalent cations is partly 
ionic, partly metallic [67, 69]. The monosulfides of Sm, Eu and Yb are black and contain 
divalent cations. They are electrical insulators or semiconductors. SmS and YbS, which at 
normal pressure occur in the semiconducting black form, can be converted by pressure or 
mixed crystal formation with other monosulfides (e.g. YS) into a metallic golden-yellow form 
[19, 23].  
Based on crystallographic data the rare earth monoselenides exist in a range of RESe1.0 to 
RESe1.1 for RE = La – Nd, Gd – Dy, and RESe0.75 to RESe1.1 for RE = Ho, Er, Lu, and Y [70]. 
A stoichiometric 1:1 composition is assumed for SmSe and EuSe, whereas YbSe is said to 
extend from YbSe1.0 to YbSe1.33 (~Yb3Se4). TmSe exists in a range TmSe0.75 to TmSe1.05. 
Thin films of RESe, RE = Sm, Tb, Dy and Yb, when prepared from Se/RE diffusion 
couples, reveal the hexagonal ZnS (wurtzite) structure, space group P63mc, Z = 4 [71]. 
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A pressure induced transition from NaCl to CsCl structure types is observed for EuSe, 
but not for SmSe and for YbSe [72]. SmSe exists, like SmS, in a semiconducting form with 
divalent Sm, and in a metallic form with Sm in an intermediate valence state between two and 
three. The rare earth metals Sm, Eu and Yb in the monoselenides are divalent, thus the 
chemical bonding is ionic as shown by the dull color [70]. 
Vacancy ordering is observed in Gd1–xSe. The symmetry is reduced from Fm3m for 
stoichiometric GdSe to Pm3m. The Gd sublattice adopts the Cu3Al structure type, whereas no 
vacancies or distortions are observed for the Se sublattice [73].  
The TmxSe system has been of great interest because of its intermediate valence at 
ambient pressure [74-76]. It is noteworthy that TmxSe with x = 0.83 to ≈ 0.87 crystallizes in a 
Tm5Se6 superstructure which is described as 8-fold superstructure of defects in the NaCl 
lattice [77]. However, the role of stoichiometry is particularly important in TmxSe, as it is 
closely related to the mean Tm valence state, which has an important influence of the 
properties of this system [78-81]. In this system there are two additional phases whose crystal 
structures are derivatives of the NaCl structure type, TmSe0.76 and Tm0.75Se [82, 83]. TmSe0.76 
(also known as the “blue phase”) crystallizes in space group Pnnn and Tm0.75Se crystallizes in 
the space group I42m. 
 
  Rare earth chalcogenides with unusual stoichiometries 
Sm8Se10 (k phase) is obtained by solid state reaction followed by chemical transport 
reaction [84]. It crystallizes in the tetragonal space group I41/a. Structural parameter analysis 
and electrical resistivity measurements indicate that Sm8Se10 is a mixed valence rare earth 
compound. There is an indication that the structure of Sm8Se10 is not a derivative of the NaCl 
structure type, but is, most likely, an intermediate structure between sesqui- and polyselenide. 
Two additional phases are reported in the Tm–S system: Tm8S11 and Tm15S22 [85, 86]. 
Tm8S11 crystallizes in the orthorhombic space group Cmcm. The similarity with Tm5S7 is 
reflected in the lengths of the a and b axes. Structural relationships also exist in the atomic 
sequence along c as identified by the coordination sphere around Tm. The 8:11 stoichiometry 
of this compound can be rationalized as a 3:2 compound in the section Tm2S3–TmS of the 
binary system. Tm15S22 crystallizes in space group C2/m, and is isostructural with RE4 S22 
(RE = La, Ce, RE’ = Dy –Tm, Lu, Y) [87]. Tm15S22 is, like Tm8S11, a rare earth sulfide with 
unusual stoichiometry and a large unit cell. It can be rationalized as 5:1 compound on the 
Tm2S3 – Tm5S7 section of the binary system.   
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2.1.2 RE–B 
 
In the binary rare earth borides, the metal atoms contribute both geometrically and 
electronically to the stabilization of electron deficient boron frameworks. The size and the 
electronic configuration of the metal is the principal factor governing the boride crystal 
structures [88, 89]. The structure of the borides is built from different boron basic units: 
sp2-type, B6-type and B12-type (Figure I. 2). All boron sublattices are electron-deficient and 
require electron transfer from the 
metals in order to be stabilized. 
Except for the REB2 compounds, 
which crystallize in the layered 
hexagonal AlB2 structure type, all 
the remaining phases reveal a 
three-dimensional (3D) boron 
skeleton containing tunnels filled 
by a metal atoms. The 3D boron 
framework in the REB4, REB6, REB12 and REB~66 borides is relatively rigid, and 
consequently, the size of the metallic site essentially depends on the structure of the boron 
skeleton. 
Most of the binary rare earth borides can be classified in eight families: 
- Rare earth diborides REB2, with RE =  Sm, Gd – Lu, and Y; 
- Rare earth tetraborides REB4, with RE =  La – Nd, Sm, Gd – Lu, and Y; 
- Rare earth hexaborides REB6, with RE = La – Nd, Sm – Lu, and Y; 
- Rare earth dodecaborides REB12, with RE =  Gd – Lu, and Y; 
- RE2B5 borides, with RE = Pr, Nd, Sm, and Gd; 
- REB25 borides, with RE = Gd – Er, and Y; 
- REB50 borides, with RE = Tb – Lu, and Y; 
- REB66 borides, with RE = Nd, Sm, Gd – Lu, and Y. 
 
  REB2 type borides 
All the diborides are isomorphous and crystallize in the AlB2 type structure [90]. This 
structure is hexagonal (P6/mmm) and consists of alternating layers of metal and boron atoms. 
The metal atoms form close-packed layers and the boron atoms form graphite-like sheets [91]. 
 
 
Figure I. 2: Schematic drawings of (a) a B6 octahedron, (b) a 
B12 cuboctahedron and (c) a B12 icosahedron. 
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  REB4 type borides 
 Due to a less rigid boron skeleton, the 
tetraborides are able to accommodate most of 
rare earth elements independent on the ionic 
radius. The rare earth tetraborides crystallize in 
the tetragonal space group P4/mbm, and adopt 
the UB4 structure type [92]. The covalently four-
fold bonded boron atoms form chains of boron 
octahedra running along the c axis. These 
octahedra are connected by additional three-fold 
bonded boron atoms in a way that seven-
membered boron rings are formed (Figure I. 3). 
In this crystal structure boron pairs are also 
formed. Large voids, where the rare earth atoms 
are accommodated, occur between the planar 
boron atomic layers parallel to the (001) plane 
[93]. The Nd atoms in the NdB4 crystal structure 
are surrounded by 18 B atoms and 7 Nd atoms. 
 
  REB6 type borides 
The crystal structure of rare earth hexaborides belongs to the CaB6 structure type [94] 
(space group Pm3m), in which rare earth atoms and regular octahedra of boron atoms are 
arranged in the manner of Cs and Cl ions in the CsCl structure type [95]. The B6 octahedron 
requires two extra electrons for its stability, which are donated by the rare earth metal species. 
Therefore, it is possible that the hexaborides of trivalent rare earth metals have, in principle, 
up to one third of their metal sites vacant, accounting for the observed compositional changes 
within the homogeneity regions. The family of hexaborides comprises also RE deficient, B 
deficient, even B excess compounds close to the 1:6 stoichiometry. An overview of these 
compounds is given in Table A. 2 in the Appendix. 
    
  RE2B5 type borides 
RE2B5 compounds, RE = Gd, Sm adopt the monoclinic Gd2B5 structure type [96], space 
group P21/c. On the other hand, the RE2B5 compounds, RE = Pr, Nd adopt the monoclinic 
Pr2B5 structure type [97], space group C2/c. The crystal structure of Gd2B5 consists of a 3D 
Figure I. 3: Representation of the NdB4 structure 
[93] viewed along [001]. Boron pairs are circled 
by green rectangular areas, while the octahedral 
boron groups are indicated in orange. Seven-
membered boron ring is indicated by dashed 
lines.   
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framework of B6 octahedra and two types of B2 units enclosed in nets of Gd atoms running 
parallel to (100). The Pr2B5 structure is closely related to the Gd2B5 structure, and differs from 
it by higher symmetry and doubling of one of the unit cell parameters. It can be described as a 
packing of irregular Pr8 hexahedra and face-sharing pairs of deformed B6 trigonal prisms, 
centered with isolated boron atoms.  
 
Rare earth borides with 3D boron frameworks of B12 icosahedra 
In rare earth borides the bonding scheme of boron varies depending on the composition 
ratio [B] : [RE]. When the composition ratio exceeds 12, boron forms B12 icosahedra and a 3D 
framework structure results by linkage of the B12 icosahedra. Metal atoms reside in the voids 
of the boron framework. Only a few binary rare earth borides are known to contain B12 
icosahedra. These are the dodecaborides REB12, REB25 and REB50 as well as REB~66 
compounds. 
 
  REB12 type borides 
The dodecaborides crystallize in the UB12 
structure type [92]. This crystal structure is 
cubic (Fm3m) with the metal atoms at the fcc 
positions. Each metal atom is surrounded by a 
B24 cubooctahedron (Figure I. 4). 
 
  REB25 type borides 
The REB25 compounds crystallize in the monoclinic space group C2/m. In this crystal 
structure infinite B12 icosahedral chains run along the b axis direction. Infinite zigzag chains 
of RE sites with occupancies of 0.535 run along [100] [99].  
 
   REB50 type borides 
The family of REB50 compounds crystallizes in the orthorhombic system, space group 
Pbam [100, 101]. In these compounds the boron framework is made up of five 
crystallographically independent B12 icosahedra and a B15 polyhedral unit. The RE atoms 
occupy large holes outside the polyhedra. Eight other interstitial sites are also found outside 
the polyhedral units, accommodating boron atoms with partial occupancy. One of the four 
types of B12 icosahedra forms an infinite distorted chain along [001]. 
 
 
Figure I. 4: 
Representation of 
REB12 structure [98]. 
RE and B atoms are 
denoted by big and 
small circles, 
respectively. 
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   REB66 type borides 
In addition to yttrium, a wide range of rare earth elements from Nd to Lu, except for Eu, 
can form compounds REB66 [89]. The 
REB66 phases crystallize in a face-centered 
cubic structure, space group Fm3c [102]. In 
this structure, 13 boron sites form two 
crystallographically different icosahedra, 
arranged in a 13-icosahedron unit 
(B12)12B12, shown in Figure I. 5a. This unit 
is called supericosahedron. There are two 
types of supericosahedra: one occupies the 
cubic face centers and anotherone, which is 
rotated by 90°, is located at the center of the 
cell and at the cell edges. Another structural 
unit of YB66, shown in Figure I. 5b, is a B80 
cluster [103]. All the 80 sites are partially 
occupied and contain only about 42 boron 
atoms in total. The B80 cluster is located at the body center of the octant of the unit cell. 
Yttrium sites form pairs which are aligned normal to the plane formed by four 
supericosahedra. The Y site occupancy is 0.5 [102].  
In the binary Y–B system several nonstoichiometric phases exist, e.g. YB56, YB62, 
YB65.86, Y1.1B66.4, Y1.06B66, and Y1.15B66 [102-104] next to the stoichiometric phase YB66. 
 
2.1.3 B–Q 
 
The investigation of non-oxide boron-chalcogenides is hampered by severe experimental 
difficulties, one of which being the inherent tendency toward vitrification. Due to various 
problems this class of compounds resisted its examination [6]: 
-   It is difficult to get access to high-purity elemental boron. 
-   The choice of reaction container materials remained difficult for several years, because 
quartz glass is attacked by boron at elevated temperatures (B/Si quantitative exchange by 
formation of B2O3 and SiQ2 (Q = S, Se)), whereas the chalcogenophilicity of most metals 
excludes the common metal containers. 
  
      
Figure I. 5: (a) 13-icosahedron unit (B12)12B12 
(supericosahedron), and (b) B80 cluster unit [103]. 
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-  The reaction products, and often even the starting materials, are readily oxidized and/or 
hydrolyzed by air and moisture. 
-   Chalcogenoborates tend to remain in an amorphous rather than a crystalline state. 
Despite a large number of 
publications on the existence of  
boron chalcogenides of different 
compositions [105-108], only B2S3 [5, 
109], (BS2)n  [5, 110], B8S16 [5, 110], 
B2S3-III [111] and (BSe2)n [5, 110] 
have been characterized by means of 
single crystal X-ray structure 
determinations. B12S2–xBx, x = 0.92, 
[112] and B12Se2–xBx, x = 1.06, [113] 
were reported as well, next to the 
high-pressure phases BS [114] and 
B2S3-II [111]. The coordination of 
boron in binary boron chalcogenides 
is almost always trigonal-planar with 
the exception of high-pressure phase    
B2S3-III [111].  
B2S3, the “normal” boron sulfide according to the valences, reveals a layered crystal 
structure. Sheets of interconnected B3S3 and B2S2 rings extend throughout the crystal. Each 
B3S3 ring is connected by sulfur bridges to two neighboring B3S3 rings and one B2S2 ring. All 
the boron atoms exhibit trigonal-planar coordination (Figure I. 6a).  
The compounds (BQ2)n, (Q = S, Se) exhibit layered structures, in which zigzag chains of 
interconnected B2Q3 rings are oriented in a parallel manner within a plane and antiparallel to 
the strands of neighboring layers (Figure I. 6b).  
 
In the crystal structure B8S16 four B2S3 rings are connected to form a macrocycle 
topologically equivalent to porphin (C20H14N4). The tetramers are stacked to form columns of 
parallel molecules. The plane vectors are tilted with respect to the columnar axis, which 
coincides with [010]. The macrocycles are planar within experimental errors (Figure I. 6c).  
 
Figure I. 6: (a) Crystal structure of B2S3; (b) Strand structure 
of (BS2)n and (BSe2)n; (c) Crystal structure of B8S16 [6]. 
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Boron chalcogenides with approximate chemical compositions B12Q2–xBx, (for Q = S        
x = 0.92 and for Q = Se x = 1.06) are reported. These compounds crystallize in the B6P 
structure type (space group R3m). Boron atoms form an icosahedral network, while 
sulfur/selenium atoms and boron atoms are situated in the elongated holes formed along the 
trigonal axis.  
 
  High-pressure phases in the system B–S  
High-pressure phases in the B–S system are not common except for BS (boron 
monosulfide) [115], B2S3-II and B2S3-III.  
The crystal structure of r-BS (former o-BS), was determined [114] and refined with the 
structure model of GaS 3R (space group R3m) [116] (Figure I. 7a). r-BS reveals a three-layer 
structure characterized by higher symmetry compared with B2S3-III [111]. One layer is 
composed of four close-packed sublayers (S–B–B–S) and is regarded to be comprised of B–B 
pairs, located inside antiprisms of S atoms, as shown in Figure I. 7b. The coordination number 
of boron atoms in r-BS is four (1+3) similar to B2S3-III.  
 
 
  
(a) (b) (c) (d) 
Figure I. 7: (a) Crystal structure model of r-BS; (b) Basic atomic arrangement in r-BS [114]. Basic cluster units 
in B2S3-III: (c) MT-1 and (d) MT-2 [111]. 
While B2S3-II is anticipated to have a significantly disordered structure, the crystal 
structure of B2S3-III could be clearly determined (tetragonal, space group I41/a, Z = 100). The 
rather disordered structure of B2S3-III consists of two kinds of macro-tetrahedra (MT) built up 
from 20 and 34 corner-sharing BS4 tetrahedra (MT-1 and MT-2; depicted in Figure I. 7c and 
I. 7d). These macro-tetrahedra are connected to each other via corner-sharing to form an 
interpenetrating zinc blende type structure. MT-1 and MT-2 can be described as: [B18S27]
0± 
and [B32S48]
0±, respectively.  
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2.2 Related ternary compounds 
 
2.2.1 RE oxoborates 
 
The structural chemistry of oxoborates exhibits a considerable diversity resulting from 
the ability of boron to bind to three or four oxygen atoms forming BO3 and BO4 groups, 
respectively. These groups occur isolated or linked to clusters, chains, bands, sheets, or 
complex networks leading to a great structural diversity [117, 118]. As a common feature it 
can be pointed out that the BO3 triangles and the BO4 tetrahedra link to each other only via 
common corners (oxygen atoms), and not via common edges or faces. This rule was 
postulated in 1967 by Ross and Edwards and was still considered to be valid until a short 
while ago [119, 120].  
Originally, rare earth oxoborates were in the scientific focus of H. J. Meyer, who 
presented first results in the systems RE[BO3] (RE = Pr, Nd, Sm – Dy, Yb) [121-123]. 
Exploring new synthetic fields under high-pressure high-temperature conditions using belt 
devices, he investigated the influence of pressure on the high-temperature modifications of 
rare earth orthoborates RE[BO3] and observed pressure-induced transformations to the              
λ modifications at 2 GPa – 6.5 GPa and 1123 K – 1373 K.  
Known phases in the systems RE–B–O under ambient conditions are RE26[BO3]8O27   
(RE = La – Nd) [124], RE17.33[BO3]4[B2O5]2O16 (RE = Sm – Yb, Y) [125], the orthoborates 
RE[BO3] (RE = Pr, Nd, Sm – Lu, Y) [121-123], and the metaborates α- and β-REB3O6            
(RE = La, Pr – Lu, Y) [126-138]. The pentaborates α- and β-REB5O9 for RE = Pr, Nd,         
Sm – Er, and RE = La, Ce, respectively [139, 140], as well as, La4B14O27 [141] were also 
discovered under ambient pressure. In the Eu–B–O system, several phases such as EuB2O4 
[142], Eu2[B2O5] [142], EuB4O7 [142], and Eu3[BO3]2 [143] are known and can be obtained at 
ambient pressure. Ho8.66[BO3]2[B2O5]O8 [144] was reported as well. 
Several phases were only obtained under high-pressure high-temperature conditions      
(> 6 GPa) [3]: γ- and δ-REB3O6 for RE = La – Nd and RE = La, Ce, respectively, RE4B6O15 
(RE = Dy, Ho), α-RE2B4O9 (RE = Sm – Ho), β-RE2B4O9 (RE = Gd, Dy, Ho), RE3B5O12      
(RE = Er – Lu), Pr4B10O21, and Ho31[BO3]3[BO4]6O27. EuB4O7 was obtained as a byproduct 
during the synthesis of α-Eu2B4O9.  
In contrast to all the structurally characterized oxoborates, in which the linkage of BO3 
and BO4 units occurs exclusively via common corners, the oxoborates α-RE2B4O9              
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(RE = Sm – Ho) [145-148] and RE4B6O15 (RE = Dy, Ho) [126, 149] are the first examples 
exhibiting edge sharing BO4 tetrahedra next to corner sharing ones. 
Table I. 2 gives a survey of all known phases of ternary rare earth oxoborates with 
trivalent rare earth cations [3]. 
 
  “RE3BO6” compounds 
It has been known that the rare earth borates of composition “RE3BO6” crystallize in 
three different monoclinic structures: P21/c for RE = La – Nd and C2/m, C2, or Cm for        
RE = Sm – Yb [156, 167]. The lutetium compound crystallizes in the same space group as  
Table I. 2: Known phases in the RE–B–O systems. 
Phase RE : B B : O CN(RE) RE Comments  References 
RE26[BO3]8O27  3.25 0.157 7, 8 La – Nd “RE3BO6”  [124] 
RE17.33[BO3]4[B2O5]2O16  2.175 0.210 7, 8 
Sm – Yb, 
Y 
“RE3BO6” [125] 
π-REBO3 ≡ RE2[B3O9] 1 0.33 9 
Ce – Nd, 
Y 
LT Pseudo-
hexagonal phases    
[121-123, 
150, 151] 
μ-RE[BO3] 1 0.33 8 
Sm – Lu, 
Y 
HT Calcite related 
structure 
[121-123, 
150, 151] 
λ-RE[BO3] 1 0.33 9 La – Eu Aragonite structure [121-123] 
β-RE[BO3] 1 0.33 6 
Sc, Yb, 
Lu 
Calcite structure [121-123] 
ν-RE[BO3] 1 0.33 8 
Ce – Nd, 
Sm – Dy 
Triclinic          
(H-Nd[BO3])     
[121-123] 
χ-REBO3 ≡ RE3[B3O9] 1 0.33 8 
Dy, Ho, 
Er 
Triclinic phases [152-155] 
H-REBO3 1 0.33 9 La, Ce 
Monoclinic         
(H-La[BO3])   
[152, 156] 
α-REB3O6 0.33 0.5 8+2 
La – Nd, 
Sm – Tb 
 [126-138] 
β-REB3O6 0.33 0.5 8, 9 Tb – Lu  [126-138] 
γ-REB3O6 0.33 0.5 9 La – Nd  [157, 158] 
δ-REB3O6 0.33 0.5 8 La, Ce  [159, 160] 
α-REB5O9 0.2 0.556 9 
Pr, Nd, 
Sm – Er 
Pentaborates  [139, 140] 
β-REB5O9 0.2 0.556 9 La, Ce Pentaborates  [140] 
RE4B14O27 0.285 0.518 8+2 La  [141] 
REB2O4 0.5 0.5 8 Eu  [142] 
RE2[B2O5] 1 0.4 6, 7 Eu  [142] 
REB4O7 0.25 0.571 9 Eu  [142] 
RE3[BO3]2 1.5 0.333 9 Eu  [143] 
RE4B6O15 0.66 0.4 7, 8 Dy, Ho  [126, 149] 
α-RE2B4O9 0.5 0.444 6, 8 Sm – Ho  [144-148] 
β-RE2B4O9 0.5 0.444 7, 8 
Gd, Dy, 
Ho 
 [161, 162] 
RE3B5O12 0.6 0.417 9 Er – Lu  [163] 
RE4B10O21 0.4 0.476 10-12 Pr  [164, 165] 
RE8.66[BO3]2[B2O5]O8 2.165 0.210 7, 8 Ho  [144] 
RE31[BO3]3[BO4]6O27 3.44 0.15 7-9 Ho  [166] 
 
Marija Borna                                                                                                                         I Introduction 
27 
 
RE = Sm – Yb, but with a different unit cell. The composition of these compounds was 
established by chemical analysis only, and was considered to be the most rare earth-rich phase 
in the RE–B–O systems. Later, it became evident that the composition of these compounds is 
not RE3BO6 as previously proposed. When the chemical composition “RE3BO6” is used 
during the synthesis, the reaction products always contain considerable amounts of La[BO3] 
or Y2O3 in the lanthanum and yttrium systems, respectively. The crystal structure 
determination of the lanthanum compound revealed the composition of La26[BO3]8O27 [124]. 
This borate crystallizes in the monoclinic space group P21/c. Unlike the lanthanum system, 
the synthesis of the yttrium compound, “Y3BO6”, always leads to the presence of Y2O3 in the 
reaction products. The asymmetric unit (monoclinic, space group Cm) of the yttrium 
compound is Y8.67[BO3]2[B2O5]O8 [125]. In contrast to the lanthanum compound 
La26[BO3]8O27, where the asymmetric unit contains two crystallographically independent 
[BO3]
3– groups, the structure of the yttrium compound contains two different kinds of borate 
groups, [BO3]
3– and [B2O5]
4–. For the light rare earth elements La to Nd, the borate 
compounds adopt the La26[BO3]8O27 structure type, with the rare earth atoms in cubic or 
square antiprismatic coordination. The borate compounds of the heavier rare earth elements, 
Sm to Yb, crystallize in the Y17.33[BO3]4[B2O5]2O16 structure type, with the rare earth 
coordination polyhedra mainly being presented as monocapped octahedra.  
 
  RE[BO3] compounds (RE orthoborates)  
The rare earth orthoborates RE[BO3] exhibit a complex polymorphism. According to the 
nomenclature by H. J. Meyer [121-123], the first polymorphs were designated with the Greek 
letters β, λ, μ, π and ν. Additionally, monoclinic phases H-RE[BO3] (RE = La or Ce) and the 
high-pressure orthoborate phases χ-REBO3 with RE = Dy and Er were described [152-154].  
Depending on the cation size, the rare earth orthoborates are related to the three 
polymorphic forms of CaCO3, i.e. aragonite (λ phase), vaterite (π and μ phases) and calcite   
(β phase) (Figure I. 8). The structure of vaterite [156] type orthoborates, proposed on the basis 
of similarities of their powder X-ray diffraction patterns, was the most disputed. In 2004 the 
structures of π- and μ-RE[BO3] were clarified by use of neutron diffraction data [150, 151]. 
The structure of the low-temperature polymorph (π-RE[BO3]) can be described in the space 
group C2/c, as alternative stacking of cation sheets and borate layers. All boron atoms are 
tetrahedrally coordinated. The BO4 units share vertices, thus forming cyclic borate [B3O9]
9– 
units. The RE atoms adopt layers with almost ideal close-packed arrangement.  
The phase transition and the existence of the unquenchable high-temperature polymorph of 
the vaterite type RE orthoborates (μ-RE[BO3]) were observed many years ago [67]. During 
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the phase transition, the structure expands in the (001) (REO2) plane and contracts along the 
[001] direction. The structure of the high-temperature polymorph was also indexed with a 
monoclinic unit cell (space group C2/c). The boron atoms are all in trigonal-planar 
coordination. The arrangement of the [BO3]
3– units can be traced back to the structure of the 
[B3O9]
9– groups in the low-temperature phase. In the high-temperature phase, three B–O 
bonds of the cyclic [B3O9]
9– groups are broken, whereas the cation arrays maintain their close-
packed layer arrangement.  
As far as the structures concern, both phases are not the typical vaterite structures. 
However, they retain some structural features typical for vaterite. In the high-temperature 
form, the triangular borate groups are all vertically arranged with respect to the cation layers. 
The low-temperature form, on the other hand, can be considered as a derivative of the high- 
temperature form via addition of B–O bonds. The cations in both structures adopt the close-
packed arrays similar to that in vaterite. 
The high-pressure structure (χ-REBO3) [154] can be described as an intermediate phase 
between the low- and high-temperature polymorphs, in which only one B–O bond of the 
cyclic [B3O9]
9– groups is broken, leading to an open [B3O9]
9– group consisting of one BO3 and 
two BO4 units. 
λ-REBO3 crystallize in space group Pnma with Z = 4, and are isotypic to aragonite type 
CaCO3 containing quasi-planar, discrete [BO3]
3– triangles.  
 
  
(a) (b) (c) 
  
 
Figure I. 8: Calcium carbonate minerals (top) and representation of RE orthoborates adopting their 
crystal structures (bottom): (a) Calcite and β-Sc[BO3] (Sc: black, B: white smaller, O: white bigger 
spheres) [168]; (b) Aragonite and λ-Nd[BO3] (Nd: dark gray, B: black, O: white spheres) [155]; and   
(c) Vaterite and (Y0.92Er0.08)[BO3] (Y: black bigger, B: gray, O: black smaller spheres) [151]. 
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β-RE[BO3] compounds crystallize in the trigonal calcite structure, space group R3c. 
Trigonal-planar [BO3]
3– triangles are present in this structure type.  
In 1972, H. J. Meyer reported the syntheses and lattice parameters of the triclinic rare 
earth orthoborates RE[BO3] (RE = Pr – Dy), which were designated as ν phases [123]. The 
structure solution and refinement of triclinic ν-Sm[BO3] were first realized in the space group 
P1, but this was corrected afterwards to P1 [169]. The isolated three-fold coordination of 
boron is regular [153]. The triclinic rare earth orthoborates ν-RE[BO3] transform to the           
λ modification with aragonite type structure under elevated pressure. 
In 1961 M. Levin et al. [156] reported on the region of stability of the different 
polymorphs in relation to preparation temperatures and ionic radii of the rare earth ions. Two 
different forms denoted as H-La[BO3] and H-Nd[BO3] have been found for La, Ce and        
Ce – Nd, Sm – Dy, respectively. At elevated temperatures the Ce – Nd, and Sm – Dy borates 
yielded high temperature forms similar to each other but different from the La and Ce borates. 
According to R. Böhlhoff et al. [152], H-La[BO3] is colorless and crystallizes in the 
monoclinic space group P21/m (Z = 2), showing unique Cs point symmetry for the rare earth 
cations. There are six crystallographically independent [BO3]
3– groups present in the structure. 
The RE cations are nine-fold coordinated by oxygen.  
 
  RE(BO2)3 (≡ REB3O6) compounds (RE-metaborates)  
Metaborates, RE(BO2)3 (≡REB3O6) [126-138], already show polymorphism at normal 
pressure. The series starts with the well-characterized monoclinic phases α-RE(BO2)3             
(RE = La – Tb), crystallizing in space group C2/c. These compounds are characterized by 
B O –  chains, running along [001] and built up of BO4 tetrahedra, which share four 
corners with monodentate [BO3]
3– triangles. Starting with Tb3+, the RE metaborates exhibit a 
second structure variation of orthorhombic β-Tb(BO2)3 [136] (only the Dy compound was 
attainable under normal-pressure conditions; for the synthesis of the remaining β-RE(BO2)3 
series with RE = Ho – Lu, high-pressure high-temperature conditions of 7.5 GPa and 1273 K 
are necessary [138]). The crystal structure of the RE metaborates β-RE(BO2)3 (RE = Tb – Lu) 
is built up of strongly corrugated layers, composed of corner-sharing BO4 tetrahedra, 
extending perpendicular to [100]. Besides the bridging oxygen atoms, the structure contains 
also three-fold coordinated oxygen atoms. Application of elevated pressure and temperature 
(7.5 GPa and 1273 K) to the α modification led to the formation of the orthorhombic phases  
γ-RE(BO2)3 (RE = La–Nd) [157, 158]. As expected for a high-pressure phase in oxoborate 
chemistry, the structure exclusively consists of corner-sharing BO4 tetrahedra, forming a 
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three-dimensional network. However, in γ-RE(BO2)3 (RE = La – Nd) the layers are separated 
or interconnected by chains of BO4 tetrahedra. Also here, three-fold coordinated oxygen 
atoms are part of the layers. The δ phase was discovered for La(BO2)3 and Ce(BO2)3, in the 
pressure range below 7.5 GPa, namely at 5.5 GPa and 3.5 GPa, respectively, and a formation 
temperature of 1323 K [159, 160]. The δ modification of RE metaborates exhibits a 
monoclinic structure with four formula units and the space group P21/c. Due to the synthesis 
under high-pressure conditions, the structure exclusively exhibits BO4
 tetrahedra, which are 
connected via common corners. Additionally, 1/6 of the oxygen atoms are bridging to three 
boron atoms, leading to a network structure with ten-membered rings of BO4
 tetrahedra.  
 
  REB5O9 compounds (RE pentaborates)  
By decomposition of hydrated RE hexaoxoborates (RE[B6O9(OH3)], RE = Sm – Er; 
RE[B8O11(OH)5], (RE = La – Nd); RE[B9O13(OH)4] · H2O (RE = Pr – Eu);  and 
Ce[B5O8(OH)]NO3 · 3H2O) at elevated temperatures two forms (α and β) of RE pentaborates 
are obtained, depending on the ionic radii of the rare earth element. The α polymorph is 
formed for the smaller rare earths from Pr to Er. For the larger rare earth elements (RE = La, 
Ce) the β polymorph is formed.  
The compounds α-REB5O9 crystallize in the tetragonal space group I41/acd. The borate 
framework consists of B4O9 and BO3 units. The B4O9 group is formed by two BO3 and two 
BO4 units, and is known as a common fundamental structural element in metal polyborates. In 
this crystal structure the B4O9 units are linked via terminal oxygen sites (from BO4 units), 
forming a one-dimensional chain. The other two terminal oxygen atoms are further linking 
additional BO3 groups forming the 3D framework [138, 139]. 
The compounds β-REB5O9 crystallize in the monoclinic space group P21/c. The crystal 
structure contains puckered, distorted, nine-membered ring borate sheets, expending 
approximately parallel to the a-c plane, interlinked by BO3 groups to form a 3D framework. 
β-REB5O9 is formed only with La and Ce, presumably because of their larger cation size 
stabilizing the nine-membered ring fragment [139].  
   
  La4B14O27 
The lanthanum oxoborate La4B14O27 (monoclinic, space group C2/c, Z = 4) contains a 3D 
borate framework with seven crystallographically different boron atoms (four of which are 
four-fold and the remaining three are three-fold coordinated by oxygen atoms). Three of the 
BO4 tetrahedra form [B3O9]
9– rings by cyclic vertex-condensation, which are further linked 
via BO3 units to form infinite layers. Two of these layers are connected to double layers via 
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[B2O7]
8– units consisting of two corner-sharing BO4 tetrahedra. These double layers build up a 
3D framework together with chains consisting of two BO4 tetrahedra and one BO3 triangle 
[141]. 
 
 Compounds in the Eu–B–O system 
 Several compounds in the Eu–B–O system, such as EuB2O4 [142], Eu2[B2O5] [142], 
EuB4O7 [142], and Eu3[BO3]2 [143], can be obtained under ambient pressure. EuB4O7 and 
EuB2O4 crystallize in the orthorhombic space groups Pnm21, Z = 2, and Pnca, Z = 4, 
respectively. Eu2[B2O5] (isostructural to Sr2[B2O5] [170]) is monoclinic (space group P21/a) 
with Z = 4. Eu3[BO3]2 is trigonal, space group R3c, Z = 6. The crystal structures of EuB4O7, 
EuB2O4 and Eu2[B2O5] contain 3D networks of corner-sharing BO4 tetrahedra, an infinite 
chain of BO3 groups, and a [B2O5]
4– ion, respectively. Eu3[BO3]2 contains isolated trigonal-
planar [BO3]
3– ions which are hexagonally packed along c.  
Until now, there is only one phase in the Eu–B–O system that was obtained by 
application of elevated pressure and temperature, namely α-Eu2B4O9 [145]. This crystal 
structure is isotypic to α-RE2B4O9 (RE = Sm, Gd – Ho) [145-148] and exhibits a complex 
network of BO4 tetrahedra linked via common corners as well as via common edges. 
 
   RE4B6O15 compounds 
The crystal structure of RE4B6O15 (RE = Dy, Ho) (monoclinic, space group C2/c) is built 
up from corrugated layers of linked BO4 tetrahedra. The linkage of the BO4 tetrahedra is 
realized via common corners as well as common edges. In detail, two pairs of edge sharing 
tetrahedra are linked via two additional corner sharing BO4 tetrahedra to form six-membered 
rings. The linkage of these rings by further corner sharing BO4 tetrahedra leads to rings 
consisting of ten BO4 tetrahedra forming the corrugated layers [126, 149]. 
 
  RE2B4O9 compounds 
The compounds α-RE2B4O9 (RE = Sm – Ho) [145-148] crystallize in the monoclinic 
space group C2/c. The crystal structure is built up of BO4 tetrahedra to form a network which 
incorporates the rare earth cations. The most important feature is the existence of edge sharing 
BO4 tetrahedra next to corner sharing ones. The same feature was also observed in the 
compounds RE4B6O15 (RE = Dy, Ho).  
The crystal structure of β-RE2B4O9 (RE = Gd, Dy, Ho) [161, 162] (triclinic, space group 
P1) is built up of triangular BO3 groups and BO4 tetrahedra forming ribbons running along 
[100], with the RE cations located in voids between the ribbons. Within the ribbons, the BO4 
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tetrahedra form three-membered B3O9 rings linked to each other via two triangular BO3 
groups, forming six-membered rings. Additionally, each B3O9 ring is connected to adjacent 
rings via two common corners, forming four-membered rings. 
 
  RE3B5O12 compounds 
The rare earth borates RE3B5O12 (RE = Er – Lu) [163] were prepared under high-pressure 
high-temperature conditions. The crystal structure is a homeotype of the beryllo-silicate 
mineral semenovite. With their B-face-centered pseudo symmetry, the compounds represent 
examples of the rather rare crystallographic space group Pmna (No.: 53) with less than 100 
exponents known so far [1, 171]. The structure of these compounds is based on layers of 
condensed BO4 tetrahedra separated by rare earth cations. Three kinds of rings are formed 
within the layers: four-, five-, and eight-membered rings. The four-membered rings lie 
parallel to a-c plane. Only one tetrahedron shares all vertexes with other tetrahedra, whereas 
the remaining ones have one unshared (terminal) oxygen atom. Two adjacent tetrahedra of the 
four-membered ring build up a five-membered ring with three additional BO4 tetrahedra. 
Furthermore, eight-membered rings are connecting the four-membered rings along [100], and 
separate pairs of five-membered rings along [001] (Figure I. 9).  
 
Figure I. 9: Crystal structure of RE3B5O12 viewed 
along [010] [163]. Light shaded polyhedra represent 
Q3 bonded BO4 tetrahedra, while dark polyhedra 
represent Q4 tetrahedra. 
 
  Pr4B10O21 
High-pressure chemistry led to the synthesis of the rare earth borate Pr4B10O21 which 
crystallizes in the monoclinic space group P21/n with four formula units per unit cell. The 
boron–oxygen network consists of BO4 tetrahedra and BO3 groups (the BO4 groups represent 
the major part (80%)) which are linked to a highly condensed network. The structure contains 
two building blocks. The first one consists of ten tetrahedra, forming a central four-membered 
ring and two three-membered rings. Additionally, four BO4 tetrahedra are added to the outer 
rings (two on each side). The second building block is built up from six BO4 tetrahedra and 
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four BO3 groups. Similar to the first building block, the BO4 tetrahedra form a central four-
membered ring with two three-membered rings on opposite sides. In contrast, the four BO4 
tetrahedra added to the outer rings in the first building block are substituted by four trigonal 
BO3 groups. The linkage of these two building blocks via the outer BO4 tetrahedra and BO3 
groups constructs the entire layer [164, 165]. 
 
  Holmium oxoborate oxides 
Two holmium oxoborate oxides have been obtained in the last several years. One of 
them, Ho31[BO3]3[BO4]6O27, exhibits the lowest content of boron in a trivalent rare earth 
oxoborate synthesized so far. This compound, prepared in the pressure region between        
7.5 GPa and 11.5 GPa at elevated temperatures, crystallizes in space group R3 with Z = 6. Up 
to now, this compound represents the only rare earth oxoborate exclusively exhibiting isolated 
BO3 and BO4 groups next to each other, where the surprising fact arises from the trigonal-
planar coordinated boron atoms, which are exceptional for a material synthesized under high-
pressure conditions [166]. The second compound, Ho8.66[BO3]2[B2O5]O8 [144], was 
synthesized by spontaneous crystallization from lead oxide flux containing the corresponding 
oxides. Its structure is built by seven- and eight-vertex holmium polyhedra and pyroborate 
anions. The powder X-ray diffraction patterns of this compound and of 
Y17.33[BO3]4[B2O5]2O16 [125] show close relations. However, the crystal structure of 
Ho8.66[BO3]2[B2O5]O8 was refined in space group C2/m, and not in space group Cm as for the 
yttrium compound. Of all the lanthanides, the size of holmium is closest to the size of yttrium 
(the ionic radii of Ho and Y for the coordination number of 8 are 1.015 Å and 1.019 Å, 
respectively [172]), and the compounds including these elements are often isostructural. 
Dzhurinskiĭ et al. [144] suggested that the possibly erroneous choice of the space group in 
[125] can be explained by the limited experimental data obtained from a polycrystalline 
sample. 
 
2.2.2 Thio- and selenoborates of alkaline, alkaline earth, transition and post 
transition metals 
 
The various possibilities of preparative routes have led to an ever growing number of 
different structural principles in boron–sulfur and boron–selenium compounds that are only in 
part fully understood. However, several tendencies are recognized in these compounds [6]:  
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- Boron atoms in trigonal-planar coordination sites are mainly found in thioborate 
compounds with low boron content. If the ratio of  (  = alkali metal, Ag, Tl) : B is 
smaller than 1, the boron center is sp3 hybridized, and the formation of macrotetrahedra is 
favored with smaller cations (Li+, Na+, Ag+), whereas perthioborates are formed with K+, Rb+, 
Cs+, and Tl+ (Figure I. 10 illustrates structurally characterized B–S entities in thioborate 
compounds).  
- Perthioborates with Li+ and Na+ are known with a sp2 hybridized boron center [6].  
- Perselenoborates with boron in tetrahedral coordination are, by far, the most common 
boron–selenium compounds.  
 
(a) 
(b) 
 
(c) 
 
(d) 
(e)  (f)  (g)  
(h)  (i)  (j)  
(k)  (l)  
(m)  (n)  (o)  
Figure I. 10: Structurally characterized B–S entities in thioborate compounds [6]: 
(a) [BS3]
3–, (b) [B2S4]
2–, (c) [B2S5]
4–, (d) [B2S5]
2–, (e) [B2S6]
4–, (f) [B2S7]
6–, (g) [B2S7]
4–, (h) [B3S6]
3–, (i) [B3S8]
5–, 
(j) [B3S9]
6–, (k) [B3S10]
8–, (l) [B3S10]
4–, (m) [B4S10]
8–, (n) [B10S20]
10–, (o) [B12(BS3)6]
8–. Gray and black spheres 
denote S and B atoms, respectively. 
Chalcogenoborates of alkaline, alkaline earth, transition and post transition metals can be 
divided in two major groups. Based on the coordination behavior of boron, compounds with 
boron in trigonal-planar or tetrahedral coordination exist. Subvalent chalcogenoborates 
represent a class of compounds containing B12 icosahedra. The ternary compound BaB2S4 [7] 
is an exception containing both trigonal-planar BS3 and tetrahedral BS4 units which are 
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connected via common corners resulting in infinite chains (the crystal structure of this 
compound is shown in the Figure I. 14, page 38).  
   
Boron in trigonal-planar coordination: Ternary chalcogenoborates 
Figure I. 10 (a, b, d, h) (page 34) shows the four types of thioborate anions with boron in 
solely trigonal-planar coordination. [BS3]
3–, [B2S4]
2–, and [B3S6]
3– formally represent charged 
fragments of the B2S3 structure [5, 109], while the perthioborate anion [B2S5]
2– shows the 
structural motif of (BS2)n [5, 110]. In the group of selenoborates, only two compounds, 
Tl3[BSe3] and Ba7[BSe3]4Se, contain isolated BSe3 units.  
In Table I. 3 (page 36) all thio- and selenoborates which were known up to 2009, along 
with their degree of polymerization and the mean B–Q (Q = S, Se) bond lengths are listed. 
The B–S distances in [BS3]
3– ions range from 1.814(3) Å to 1.830(1) Å, and are remarkably 
unaffected by the nature of the counterion [6, 173]. The average bond length of 1.823(6) Å is 
longer than in the binary boron sulfides, where the average B–S distance is 1.805(4) Å (B–S 
distances range from 1.774(2) Å to 1.835(1) Å).  
Cs2[B2S4] is the only known salt of the dimeric metathioboric acid [174] (Figure I. 11). It 
exhibits unusual bonding properties in the [B2S4]
2– ion. The isolated [B2S4]
2– groups consist of 
four-membered B2S2 rings with one additional exocyclic sulfur atom on each of the boron 
atoms. The cesium cations are nine-fold coordinated by sulfur.  
 
 
Figure I. 11: Representation of the Cs2[B2S4] crystal structure viewed along [010] 
(left) and [001] (right). Blue, yellow and brown spheres denote Cs, S, and B atoms 
respectively. 
The B3S6 units in alkali metal and alkaline earth salts of H3[B3S6] are planar in A3[B3S6]      
(A = Na, K, Rb) [186] and nonplanar in Sr3[B3S6]2 [178] and LiA[B3S6] (A = Sr, Ba) [185, 
186], where the space group does not demand a planar molecule.  
The crystal structure of Ba7[BSe3]4Se [181] is isotypic to Sr4.2Ba2.8[BS3]4S, and 
Ba7[BS3]4S. These structures are characterized by layers of isolated [BQ3]
3–, stacked along 
[010].  
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Table I. 3: Structurally characterized thio- and selenoborates and mean B–S(Se) distances (Å) [1, 171]. 
Perchalcogenoborates and subvalent thio- and selenoborates are listed separately in the Tables I. 4 and I. 5, 
respectively. 
Compound References Space group B : S(Se) 
 (Btr–S(Se))[a] 
(Å) 
 (Bte–S(Se))[b] 
(Å) 
Li3[BS3] [175] Pnma 0.33 1.830 / 
Na3[BS3] [176] C2/c 0.33 1.841 / 
K3[BS3] [176] P21/c 0.33 1.819 / 
Rb3[BS3] [176] P21/c 0.33 1.830 / 
Cs3[BS3] [177] P21/c 0.33 1.830 / 
Tl3[BS3] [173] P21/m 0.33 1.833 / 
Sr3[BS3]2 [178] C2/c 0.33 1.826 / 
Ba3[BS3]2 [179] P21/c 0.33 1.814 / 
KBa4[BS3]3 [180] C2/c 0.33 1.823 / 
K4Ba11[BS3]8S [180] R3c 0.32 1.825 / 
Ba2.8Sr4.2[BS3]4S [181] C2/c 0.308 1.822 / 
Ba7[BS3]4S [182] C2/c 0.380 1.829 / 
BaSb[BS3]S [183] Pnma 0.25 1.818 / 
BaBi[BS3]S [183] C2/m 0.25 1.817 / 
PbSbBS4 [184] P21/m 0.25 1.806 / 
PbBiBS4 [184] P21/m 0.25 1.813 / 
Li2Cs[BS3] [177] Pnma 0.33 1.825 / 
LiSr[BS3] [175] Pnma 0.33 1.824 / 
LiBa[BS3] [185] P21/c 0.33 1.823 / 
Na3[B3S6] [186] R3c 0.5 1.805 / 
K3[B3S6] [186] R3c 0.5 1.798 / 
Rb3[B3S6] [186] R3c 0.5 1.800 / 
LiSr[B3S6] [186] Cc 0.5 1.804 / 
LiBa[B3S6] [185] Cc 0.5 1.804 / 
Sr3[B3S6]2 [178] R3h 0.5 1.786 / 
Cs2[B2S4] [174] I41/acd  0.5 1.821 / 
CaB2S4 [187] Pa3 0.5 / 1.937 
BaB2S4 [7] Cc 0.5 1.808 1.926 
SrB2S4 [188] P21/c 0.5 / 1.929 
EuB2S4 
*) [2] P21/c 0.5 / 1.922 
TlBS2 [188] R3m 0.5 / 1.930 
CuBS2 [189] I42d 0.5 / 1.943 
Pb4B4S10 [5] P41212 0.4 / 1.927 
Na6B10S18 [10] I41/acd 0.556 / 1.922 
Ag6B10S18 [9] C2/c 0.556 / 1.915 
Li6+2x[B10S18]Sx   (x ≈ 2) [190, 191] C2/c ~ 0.5 / 1.920 
Li4-2xSr2+xB10S19 (x ≈ 0.27) [10] P21/c 0.526 / 1.925 
Li3Na5B10S19 [192] P21/c 0.526 / 1.925 
ZnxBa2B2S5+x (x ≈ 0.2) 
**) [193] I42m ~ 0.85 / / 
Li5B7S13 [8, 190, 194] C2/c 0.538 / 1.922 
Li9B19S33 [8] C2/c 0.576 / 1.925 
Li7B7Se15 [195] P42/nbc 0.467 / 2.066 
Li6+2x[B10Se18]Sex (x ≈ 2) [196] C2/c ~ 0.5 / 2.055 
Na6B10Se18 [197] I41/acd 0.556 / 2.054 
Ba7[BSe3]4Se [181] C2/c 0.308 1.959 / 
Tl3[BSe3] [198] P21/m 0.33 1.95 / 
average bond distance 
 (B–S) (Å) 1.817 1.926 
 (B–Se) (Å) 1.954 2.058 
[a] Mean B – S(Se) distance with the boron center in a trigonal-planar coordination 
[b] Mean B – S(Se) distance with the boron center a tetrahedral coordination 
*) More details on this compound are presented in part I chapter 2.2.3 and part III chapter 1 
**) Existence of this compound reported, but no details on the crystal structure due to the poor quality of crystals 
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The crystal structures of BaM[BS3]S (M = Sb, Bi) [183] contain one-dimensional chain-
like structures built of BS3 units alternately bridged by MS3 (M = Sb, Bi) trigonal pyramids 
via common sulfur atoms running along [010]. The polymeric chains [MBS4]
2–, M = Sb, Bi, 
run parallel to each other with the barium ions inserted between four neighboring chains. The 
compounds PbM[BS3]S (M = Sb, Bi) [184] are isostructural and both of them are constructed 
by the infinite one-dimensional [MBS4]
2– chains, which are composed of [BS3]
3– trigonal-
planar units and [MS3]
3– trigonal pyramids connected via common corners along [010]. 
The anionic parts of the crystal structures of Li3[BS3] [175], LiSr[BS3] [175], Li2Cs[BS3] 
[177] and LiBa[BS3] [184] consist of isolated, planar [BS3]
3– anions. Na3[BS3], K3[BS3], and 
Rb3[BS3] [176] are not isotypic to each other, nor to Li3[BS3]. The sodium cations in 
Na3[BS3] are located between the layers of orthothioborates anions [176]. In case of K3[BS3] 
and Rb3[BS3] stacks of [BS3]
3– entities are connected via the corresponding cations [176]. The 
strontium ions in Sr3[BS3]2 are located between layers of orthothioborate anions [178]. The 
crystal structure of KBa4[BS3]4 consists of isolated BS3 units and the corresponding counter 
ions, while in the structure of K4Ba11[BS3]8S trigonal-planar [BS3]
3– groups and S2– ions 
coexist [180]. 
 
  Boron in tetrahedral coordination: Ternary and quaternary chalcogenoborates 
In many thioborates and perchalcogenoborates which have been synthesized by high 
temperature solid-state and molten-state techniques, macromolecular anions and polyanions 
are observed. The counterions Li+, Na+, and Ag+ favor extended, 3D networks of adamantane- 
and “superadamantane”-type thioborate oligomers [6]. On the other hand, isolated [B4S10]
8– 
macrotetrahedra, or layered or chain type polymers of BS4 tetrahedra are found with soft ions 
like Pb2+, Ba2+, or Tl+ [5, 6].  
Figure I. 12: View of a B3S3 ring 
(indicated by dashed lines) with three 
connected four-membered B2S2 rings 
(denoted in green) with boron in 
tetrahedral coordination (indicated by 
orange tetrahedron) in the crystal 
structure of TlBS2 [188, 199]. 
A layered structure of polymerized B3S6 units is formed in the crystal structure of TlBS2 
[188, 199] through exocyclic sulfur atoms and endocyclic boron atoms units, with formation 
of four-membered B2S2 rings, with boron in tetrahedral coordination (Figure I. 12). 
Consequently the formerly planar six-membered B3S3 ring is now in the chair conformation 
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and is connected to three more B3S3 rings through B2S2 rings. Tetrahedral coordination of the 
boron atom enhances the flexibility to adjust to steric demands, such as in the unusual 
bonding situation in the unfavored four-membered ring.  
Figure I. 13: Crystal structure of CuBS2, a thioborate 
compound synthesized under elevated pressure. Blue, 
yellow and brown spheres denote Cu, S and B atoms, 
respectively.  
The crystal structure of CuBS2 (a compound obtained under elevated pressure) [189] can 
be regarded as chalcopyrite type structure consisting of a three-dimensional framework of BS4 
tetrahedra (Figure I. 13). It is known that the compounds CuMS2 (M = Al, Ga, and In) 
crystallize in the chalcopyrite type structure under ambient pressure conditions [200]. Large 
deviations in the S–B–S bond angles from the ideal tetrahedral angle are caused by the large 
difference in ionic (and/or covalent) radii of boron and sulfur.  
 
CaB2S4 SrB2S4 BaB2S4 
   
Figure I. 14: Alkaline earth thioborate compounds containing 3D, 2D, and 1D polymeric anions, with boron 
in tetrahedral coordination (and in trigonal-planar coordination in the BaB2S4 crystal structure), not based on 
B–S macrotetrahedra and without S–S bonds. Blue, yellow and brown spheres denote alkaline earth M   
(M = Ca, Sr, Ba), S, and B atoms, respectively. 
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In the BaB2S4 structure (Figure I. 14) the chains of corner-sharing BS4 tetrahedra are 
bridged by trigonal-planar BS3 units. Although trigonal-planar and tetrahedral coordination of 
boron atoms in the same compound is common for oxoborates, BaB2S4 [7] was the only 
known example exhibiting this feature in thio- and selenoborates until recently. CaB2S4 [187] 
crystallizes in the cubic space group Pa3 (Figure I. 14), and is isostructural with the high-
pressure polymorph of calcium borate, CaB2O4-IV [201]. The structure consists of a 3D 
framework of BS4 tetrahedra. The crystal structure of SrB2S4 consists of BS4 tetrahedra, 
forming 2D arrangement by sharing common apices and edges [6, 188] (Figure I. 14). 
Higher degrees of condensation to form even 3D networks of anionic B–S 
macrotetrahedra is only found with small and medium-sized ions like Li+, Na+, Ag+       
(Figure I. 15).  
 
Ag6B10S18 Na6B10S18 Li5B7S13 
 
Figure I. 15: Several examples of thioborate compounds containing B–S macrotetrahedra connected to 3D 
networks. Often, two interpenetrating networks are present in the crystal structure in order to eliminate 
voids. Yellow spheres denote corresponding metal atoms. B–S macrotetrahedra are represented as simple 
tetrahedra for clarity. 
A highly charged complex anion, [B4S10]
8– isostructural to P4O10 [202], is found in the 
crystal structure of Pb4[B4S10] [5] (Figure I. 16). In compounds containing small cations, a 
wide variety of structural motifs with polymerized macrotetrahedra is found. In Li3Na5B10S19 
[192] and Li4-2xSr2+xB10S19 (x ≈ 0.27) [10] chains of B10S18S2/2 are present, while in Na6B10S18 
[10], Li6+2x[B10S18]Sx (x ≈ 2) [190, 191] and Ag6B10S18 [9] all the corners of the B10S18 
macrotetrahedra are connected to neighboring units and two interpenetrating infinite 3D 
networks are generated. In Li9B19S33 [8] two B10S20 entities share a common BS4 subunit to 
again form two interpenetrating infinite 3D networks of corner-sharing B19S36 units. Another 
example of this kind of structure is found in Li5B7S13 [8, 190, 194] where the networks are 
formed by an alternation of B4S10 tetrahedra and B10S20 supertetrahedra (Figure I. 16). The 
Marija Borna                                                                                                                         I Introduction 
 
40 
 
smallest possible unit of this kind, the isolated [BS4]
5– ion, has not been observed until 
recently [16]. 
Li5CsB10S18 Li4-2xSr2+xB10S19 (x ≈ 0.27) Pb4B4S10 
 
 
Figure I. 16: Several examples of thioborate compounds containing 2D, 1D, and 0D anions based on B–S 
macrotetrahedra. Purple, orange and blue spheres denote Li, Cs(Sr) and Pb respectively. Brown and yellow 
spheres denote B and S atoms respectively. 
Figure I. 17: 3D anionic substructure in the crystal 
structure of Li7B7Se15, viewed along [001], formed 
by entities of composition [B7Se13]
5–. Bigger orange 
spheres connected with black lines represent 
isolated diselenide units located in the cavities. 
Blue and orange spheres denote Li and Se atoms, 
respectively.  
Compared to the hitherto known polymeric seleno- and perselenoborates a remarkable 
structural principle is realized in the lithium selenoborate Li7B7Se15 [195]. The three-
dimensional anionic sublattice is formed by entities of composition [B7Se13]
5–. Additionally, 
isolated diselenide units and lithium cations are found in the structure. The connection pattern 
of the basic corner-sharing BSe4 tetrahedra gives rise to this tetragonal structure unique in 
chalcogenoborate chemistry (Figure I. 17). 
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Boron in tetrahedral coordination: Ternary perchalcogenoborates 
The crystal structures of perthio- and perselenoborates are dominated by chain-type 
polymeric anions which are based on the B2Q3 fragment (Q = S, Se), known from the binary 
compounds (BQ2)n [5, 110] (part I chapter 2.1.3). Table I. 4 summarizes all known 
perchalcogenoborates. Only a small number of thioborates with boron atoms in tetrahedral 
coordination contain disulfide bridges, whereas all known selenoborates with tetrahedrally 
coordinated boron atoms contain diselenide units.  
Table I. 4: Structurally characterized perthio- and perselenoborates and mean B–S(Se) and S–S / Se–Se 
distances (Å)  [1, 171].  
Perthioborates 
Compound Reference Space Group  (B–S)[a] (Å)  (S–S)[b] (Å) 
Li2[B2S5] [203] Cmcm 1.805 2.076 
Na2[B2S5] [203] Pnma 1.802 2.083 
K2B2S7 [204] C2/c 1.919 2.084 
RbBS3 [205] P21/c 1.927 2.075 
CsBS3 [206] P21/c 1.930 2.075 
TlBS3 [199, 205] P21/c 1.930 2.072 
Tl3B3S10 [199] P1 1.919 2.080 
average bond 
distance 
  (B–S) (Å) 1.890  
  (S–S) (Å)  2.078 
Perselenoborates 
Compound Reference Space Group  (B–Se)[a] (Å)  (Se–Se)[b] (Å) 
Li2B2Se7 [192] Pbcn 2.047 2.373 
Na2B2Se7 [204] C2/c 2.044 2.367 
K2B2Se7 [204] C2/c 2.050 2.368 
Rb2B2Se7 [207] 
I2/a (alternative 
setting to C2/c) 
2.049 2.364 
Tl2B2Se7 [208] 
I2/a (alternative 
setting to C2/c) 
2.047 2.367 
RbBSe3 [198] P21/c 2.059 2.356 
CsBSe3 [198, 209] P21/c 2.064 2.354 
TlBSe3 [198] 
Ia (alternative 
setting to Cc) 
2.059 2.358 
BaB2Se6 [210] Cmca 2.056 2.360 
Ba2B4Se13 [210] P21/c 2.049 2.374 
Cs3B3Se10 [206, 207] P1 2.052 2.359 
Tl3B3Se10 [207] P1 2.051 2.357 
average bond 
distance 
  (B–Se) (Å) 2.052  
  (Se–Se) (Å)  2.362 
[a] Mean B – S(Se) distance  
[b] Mean S – S / Se – Se distance 
Only two perchalcogenoborates, Li2[B2S5] and Na2[B2S5], contain boron atoms with 
trigonal-planar coordination and represent the only structures with discrete perthioborate 
anions [203] (Figure I. 10d, page 34). In all the other perchalcogenoborates the structural 
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elements are [BQ3] , [B2Q7]  and [B3Q10]  polymers. Except for Li2B2Se7 [192], 
BaB2Se6 [210] and Ba2B4Se13 [210], all of these contain one-dimensional polymers with an 
increasing content of dichalcogenide bonds in the order [BQ3]  < [B3Q10]  < [B2Q7] . 
The motif of infinite chains of fused spirocyclic five-membered B2Q3 rings with boron centers 
in tetrahedral coordination is found in RbBS3 [205], CsBS3 [206], TlBS3 [199, 205], CsBSe3 
[198, 209], and TlBSe3 [198], and RbBSe3 [198]. Insertion of a second dichalcogenide bridge 
into every third ring results in the [B3Q10]  polymer, which is present in Tl3B3S10 [199], 
Cs3B3Se10 [206, 207], and Tl3B3Se10 [207]. A 1:1 ratio of spirocyclically fused five-
membered B2Q3 rings and six-membered B2Q4 rings is present in [B2Q7]  chains. These are 
found in K2B2S7 [204] and M2B2Se7 (M = Na, K, Rb, and Tl) [204, 207, 208] (Figure I. 18). 
The polymeric anion in Li2B2Se7 [192] contains five-membered B2Se3 rings which are 
connected by diselenide bridges in two dimensions. BaB2Se6 and Ba2B4Se13 [210] represent 
the first known alkaline earth perselenoborates. BaB2Se6 exhibits infinite layers of 
B Se  extending parallel (001) (Figure I. 18). Each layer consists of four-membered 
B2Se2 rings, which are connected via four diselenide bridges, forming B6Se12 rings.  
  
BaB2Se6 Li2B2Se7 
Figure I. 18: Selenoborate compounds containing 
anions with Se–Se bonds. In all cases the B atoms 
are in tetrahedral coordination. Blue, red and brown 
spheres denote M (M = Ba, Li, Na), Se, and B 
atoms respectively. 
Na2B2Se7 
Likewise, in Ba2B4Se13 polymeric B Se  anions run parallel (001) resulting in a 
layered structure built of alternating B2Se4 and B2Se3 rings, connected by Se–Se bonds. In all 
perchalcogenoborates the B–Q bond lengths are within a range observed in related boron – 
chalcogen compounds. 
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Subvalent chalcogenoborates 
During the syntheses of chalcogenoborates starting from the corresponding metal 
chalcogenide (or corresponding elemental metal), elemental chalcogen, and boron, oxidation 
and fragmentation of the B12 icosahedra of elemental boron must occur to form the 
chalcogenoborates. The oxidant is the chalcogen, but the steps of fragmentation the B12 
icosahedra are unknown, although a likely way of fragmentation proceeds via persubstitution 
of the B12 icosahedron. In the crystal structures of subvalent chalcogenides, B12 icosahedra are 
present. The selenoborates M8[B12(BSe3)6] with M = Na – Cs, and M4Hg2[B12(BSe3)6] with   
M = Rb, Cs [209, 211, 212]  (Table I. 5, Figure I. 19) contain B12 icosahedra completely 
saturated with chalcogen ligands. Six trigonal-planar selenoborate entities, which coordinate 
in a bidentate manner, complete the B12 icosahedron to form a persubstituted selenoborato-
closo-dodecaborate anion.  
  
Figure I. 19: Representation of persubstituted selenoborato-closo-dodecaborate anion and its coordination to 
metal cations found in M8B18Se18 and M4Hg2[B12(BSe3)6] compounds, M = Rb, Cs. Blue, yellow and brown 
spheres denote M (M = Rb, Cs), selenium and boron atoms, respectively. 
Table I. 5: Structurally characterized subvalent thio- and selenoborates and mean B–S(Se) distances (Å)   
[1, 171]. 
Compound References 
Space 
Group 
 [a]            
(Bico–S(Se)endo) 
 [b]            
(Btrig–S(Se)endo) 
 [c]            
(B–S(Se)exo) 
Na8[B12(BSe3)6] [213] P21/c 1.991 1.954 1.915 
K8[B12(BSe3)6] [209] Cm 1.98 1.98 1.89 
Rb8[B12(BSe3)6] [212] P1 2.08 2.03 1.89 
Rb4Hg2[B12(BSe3)6] [212] P1 2.00 1.96 1.92 
Cs8[B12(BSe3)6] [211] P1 1.996 1.979 1.902 
Cs4Hg2[B12(BSe3)6] [212] P1 2.00 1.96 1.92 
Na2[B18Se16] [208] P3 1.993 1.950 / 
Na6[B18Se17] [214] C2/c 1.996 1.986 1.899 
Rb8[B12(BS3)6] [215] P1 1.850 1.854 1.752 
Cs8[B12(BS3)6] [215] P1 1.853 1.858 1.758 
[a] Mean distances between B atoms of the icosahedron core and Se atoms  
[b] Mean endocyclic Btrig – S(Se) distance 
[c] Mean exocyclic Btrig – S(Se) distance 
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Due to the perpendicular arrangement of the BSe3 ligands in the sodium selenoborato-
closo-dodecaborate Na8[B12(BSe3)6] [213], the [B18Se18]
8– entities nearly show Cmmm 
symmetry. The heavier homologues with K, Rb and Cs exhibit different substitution patterns 
with lower symmetry. The potassium selenoborato-closo-dodecaborate K8[B12(BSe3)6] [209] 
is the only example of isolated cluster entities with different substitution patterns within one 
crystal structure in selenoborate chemistry up to now. The [B12(BSe3)6]
8– units are arranged in 
an asymmetric way as shown in Figure I. 20.  
 
Figure I. 20: Three different substitution patterns in the crystal structure of K8[B12(BSe3)6] [209]. The 
anions B and C form an enantiomorphic couple, while for anion A the same arrangement of the BSe3 
ligands as in M8[B12(BSe3)6] and M4Hg2[B12(BSe3)6] (M = Rb, Cs) [209, 211, 212] is found. 
 
Na6[B18Se17] Na6[B18Se16] 
 
Figure I. 21: Although selenoborates with persubstituted selenoborato-closo-dodecaborate anions 
mostly form isolated complex anions, examples of 1D and 3D polymeric anions are found in 
Na6[B18Se17] and Na6[B18Se16], respectively. (top) Neighboring cluster entities in the crystal structures 
of Na6[B18Se17] and Na6[B18Se16] connected via exocyclic selenium atoms and via seleno- and 
perselenobridges, respectively. (bottom) Representation of the crystal structures of Na6[B18Se17] and 
Na6[B18Se16]. Blue, red and brown spheres denote Na, Se, and B atoms respectively. Blue dotted lines 
represent Na–Se contacts while blue and red lines denote perselenobridges. For clarity, persubstituted 
selenoborato-closo-dodecaborate anions in the crystal structure of Na6[B18Se16] are represented as 
octahedra. 
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Na6[B18Se17] [214] is the only selenoborato-closo-dodecaborate with a polymeric chain 
anion. It consists of icosahedral B12 clusters completely saturated with trigonal-planar BSe3 
units. Neighboring cluster entities are connected via exocyclic selenium atoms forming the 
infinite chain anion ([B18Se16Se2/2]
6–)∞ (Figure I. 21). Na2[B18Se16] [208] represents a 3D 
polymeric selenoborato-closo-dodecaborate consisting of icosahedral B12 clusters completely 
saturated with trigonal-planar BSe3 units. However, in this case the cluster entities are 
connected to each other via seleno- and perselenobridges. Thus, a 3D network results with 
[(B18Se12Se6/2)n]
2– and [(B18Se15Se6/2)n]
2– anions in the ratio of 2:1 (Figure I. 21). Since all 
characterized perselenoborates exhibit BSe4 tetrahedra connected to perselenobridges 
Na2[B18Se16] is the first chalcogenoborate with trigonal-planar BSe3 entities linked by a Se–Se 
bond. 
 
2.2.3 The RE thioborate Eu[B2S4] 
 
Although many thio- and selenoborates have been synthesized and characterized up to 
now, examples for thioborates of divalent metals are few: hitherto the structures of CaB2S4, 
SrB2S4 and BaB2S4 are the only fully characterized ones [6, 7, 187, 188]. In 2004, the crystal 
structure of the first example of a ternary thioborate containing a rare earth cation, EuB2S4 [2], 
was reported.  
 
Figure I. 22: Views along [100] and [001] on the EuB2S4 crystal structure. Blue, yellow and brown 
spheres denote Eu, S, and B atoms, respectively. 
The crystal structure of the europium metathioborate, EuB2S4, consists of polymeric 
anions B S 	and divalent Eu cations. The building blocks of the anions are 
exclusively formed by BS4 tetrahedra as illustrated in Figure I. 22. Condensation of these BS4 
tetrahedra by sharing common corners and edges leads to 2D layers running parallel (100). 
Due to the presence of edge sharing BS4 tetrahedra, B2S2 rings with uncommon bonding 
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angles and rather short boron-boron distances occur in this crystal structure. Furthermore, six-
membered B3S3 rings with twist conformation and six additional sulfur atoms result by corner 
sharing of three BS4 tetrahedra. Such a unit is linked via four of the six sulfur atoms with two 
different B3S3 rings leading to zigzag chains of six-membered rings running along [001]. 
These chains are additionally condensed via the two remaining exocyclic sulfur atoms in the 
[010] direction so that a novel type of polymeric layer of BS4 tetrahedra is formed. Besides 
B2S2 and B3S3 rings, B8S8 macrocycles are present formed by eight corner  and edge sharing 
BS4 tetrahedra (Figure I. 23).  
Figure I. 23: Representation of the anionic part of 
the EuB2S4 crystal structure. Yellow and brown 
spheres denote S, and B atoms, respectively. B2S2 
rings are indicated by green lines, while B3S3 rings 
are denoted with dark orange lines. Eight corner  
and edge sharing BS4 tetrahedra forming the B8S8 
macrocycles (indicated by dashed lines) are shown.  
 
The chemical bonding within the planar B2S2 ring is rather remarkable: the B–S bonds 
within the ring (1.973(3) Å and 1.963(3) Å) are significantly longer as compared to the 
average B–S bonds length, in this crystal structure, 1.925(1) Å. The average boron–sulfur 
bond length within the polymeric anion is in good agreement with those found in other 
thioborates with boron in tetrahedral coordination (e.g. in BaB2S4 1.926(1) Å [7]). 
Additionally, a strong distortion of the ideal tetrahedral angle occurs within these B2S2 rings, 
which decreases to 97.0°. The divalent europium cations exhibit nine-fold coordination by 
sulfur.  
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As concluded from numerous trials, the formation of ternary thio- and selenoborates of 
rare earth metals presumably requires high temperatures due to the high melting points and 
low diffusion rates of the starting materials. Thus, for the syntheses of the ternary phases, 
techniques such as high-temperature synthetic route, metathesis reactions, spark plasma 
sintering (SPS) and high-pressure high-temperature routes were mainly used. On the other 
hand, the intermediates occurring during the syntheses, such as gaseous boron chalcogenides, 
react with the most commonly used crucible materials at elevated temperatures. As a result, 
syntheses of these compounds can be performed only in crucibles made of boron nitride (BN) 
or glassy carbon, where another problem arises. Namely, neither of the two crucible materials 
is suitable for preparing sealed 
crucibles, and therefore an outer 
container is required for 
conventional high-temperature 
solid-state syntheses and 
metathesis reactions. The use of 
quartz glass ampules as outer 
container material was, however, 
not satisfactory as side reaction of 
gaseous boron chalcogenides with quartz glass occur, leading to complete destruction of 
quartz glass container (Figure II. 1). Therefore, tantalum (Ta) ampules were used as outer 
containers, sealed thereafter and placed inside a quartz glass reaction tube. In this way, the 
container material was attacked, but under optimized conditions it wasn’t destroyed. All of the 
ternary thioborates of rare earth metals are air and moisture sensitive, and so is majority of the 
starting materials. Therefore, all preparations and sample handlings were carried out in argon 
filled glove boxes (MBraun). A broad spectrum of methods, such as chemical analyses, 
diffraction techniques, spectroscopic methods and theoretical calculations were applied for 
sample characterization. This chapter gives an overview of the synthetic approaches and the 
characterization techniques and methods used in this work.     
 
1. Starting materials and their characterization 
 
For preparation from the elements the corresponding RE metals (except for Eu)              
(see Table II. 1 for more details) and amorphous boron (powder, ABCR, 99 %) were used as 
purchased without further purification.  
 
    
 
Figure II. 1: Quartz glass 
ampule after the reaction 
procedure, attacked by 
boron chalcogenides at 
elevated temperatures. 
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Europium was redistilled (10–6 mbar, 1093 K) for further purification, as the chemical 
analysis showed significant amount of oxygen (0.464±0.006 wt-%) next to traces of iron 
(5.2·10–3 wt-%), silicon (3.6·10–3 wt-%), calcium (1.0·10–3 wt-%) and all other rare earth 
elements (each 5.0·10–4 wt-%), as well as yttrium (5.0·10–4 wt-%). After redistillation, oxygen 
content was reduced bellow the detection level (0.025 wt-%). Traces of other impurities were 
significantly reduced as well. Only the trace amounts of cerium and ytterbium remained 
practically unchanged.  
In several experiments crystalline boron was used (chunks, ChemPur, 99.95 %, or 
powder, ChemPur 99.98 %). It was used as purchased without further purification, but 
additional grinding in tungsten-carbide mortars was necessary. Sulfur (Alfa Aesar,       
99.9995 %) was sublimed under vacuum to reduce oxygen contamination below 1 wt-%. 
Selenium granules (Alfa Aesar, 99.999 %) were ground using a tungsten-carbide mortar or a  
planetary micro mill (FRITSCH Pulverisette 7) incorporated inside a glove box, with grinding 
bowls and grinding balls made of  SiAlON ceramics (sintered silicon nitride doped with 
aluminum oxide, Si3N4 : Al2O3).  
Na2[B2S5] and Li2[B2S5], used for metathesis reactions, were prepared from Na2S (Strem,   
95 %) or Li2S (Strem, 95 %), amorphous boron and sulfur according to the literature data 
[203]. NdCl3 (Aldrich, 99.99 %), PrCl3 (Aldrich, 99.99 %), HoCl3 (Aldrich, 99.99 %) and 
LuCl3 (Aldrich, 99.99 %) were used without any further purification.  
Table II. 1: Sources and purity of rare earth metals used. 
Rare earth metal Source Purity 
La ChemPur Powder, 99.9 % 
Ce ChemPur Chips, 99.9 % 
Pr ChemPur Powder, 99.9 % 
Nd ChemPur Powder, 99.9 % 
Sm ChemPur Powder, 99.9 % 
Eu 
Hunan Institute of Rare Earth 
Metal materials, China 
Chunks, 99.9 % *) 
Gd ChemPur Powder, 99.9 % 
Tb ChemPur Powder, 99.9 % 
Dy ChemPur Powder, 99.9 % 
Ho ChemPur Powder, 99.9 % 
Er ChemPur Powder, 99.9 % 
Tm ChemPur Powder, 99.9 % 
Yb 
Hunan Institute of Rare Earth 
Metal materials, China 
Chunks, 99.9 % 
Lu ChemPur Powder, 99.9 % 
(Y) ChemPur Powder, 99.9 % 
*) after redistillation 
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All educts were controlled by means of elemental analysis using a LECO RH 404 
analyzer (H), LECO TC 436DR/5 analyzer (N/O) , LECO C-200 CHLH analyzer(C) and a 
simultaneous inductively coupled plasma-optical emission (ICP-OES) Echelle spectrometer 
(other elements), respectively. Chemical analyses of all rare earth elements showed presence 
of all the other rare earth elements (each < 0.05 wt-%), as well as trace amounts of alkaline 
earth (each < 0.025 wt-%), transition (W, Mo, Nb, Ta) and post transition (Tl) metals (each   
< 0.025 wt-%). The content of carbon, nitrogen and hydrogen was under the limit of 
detection. Oxygen content was in the range 0.24±0.03 wt-% (in case of thulium) and 
0.46±0.22 wt-% (in case of holmium). Chemical analyses of amorphous boron (powder, 
ABCR, 99 %) showed presence of carbon (0.275±0.02 wt-%), nitrogen (0.19±0.09 wt-%), 
hydrogen (0.49±0.03 wt-%), oxygen (1.24±0.15 wt-%), manganese (< 0.25 wt-%) and silicon 
(< 0.20 wt-%) next to trace amounts potassium (< 0.05 wt-%), copper (< 0.01 wt-%) and iron 
(< 0.05 wt-%). The content of nitrogen and hydrogen was significantly lower (each                
< 0.025 wt-%) in the samples of crystalline boron (powder, ChemPur 99.98 %). Content of 
manganese and silicon was also lower than in amorphous boron (each < 0.05 wt-%). The 
amounts of oxygen, carbon, titan and tungsten were 0.64±0.06 wt-%, 0.32±0.03 wt-%,           
< 0.20 wt-% and  < 0.25 wt-%, respectively. The values of carbon, oxygen, nitrogen and 
hydrogen impurities in the samples of selenium (after grounding in a planetary micro mill) 
were around 0.03 wt-%, 0.05 wt-%, 0.01 wt-% and 0.005 wt-%, respectively. Trace amounts 
of copper, iron, silicon, sulfur, tellurium and lead (each < 0.05 wt-%) were found as well. 
Significant amount of oxygen was found in the samples of sulfur (~ 4.5 wt-%) before 
sublimation under vacuum, which was reduced to < 1.0 wt-% after the sublimation. Trace 
amounts of carbon (~ 0.04 wt-%), nitrogen (~ 0.01 wt-%), hydrogen (~ 0.005 wt-%) were also 
found. The oxygen content in Na2[B2S5] was < 0.25 wt-%. In case of Li2[B2S5] it was              
~ 8 wt-%. Also, significant amount of silicon was found (~ 1.2 wt-%), next to Al                  
(< 0.15 wt-%) and Zn (~ 0.25 wt-%). The amount of oxygen in RECl3 (RE = Pr, Nd, Ho, and 
Lu) was < 0.25 wt-%.   
 
2. Synthetic approaches and optimizations 
 
The synthesis of RE thio- and selenoborates from the elements (and/or binary 
compounds) is fairly problematic because of the high reactivity of the in situ formed boron 
chalcogenides towards most of the common container materials at elevated temperatures. 
Fused silica tubes are attacked by boron chalcogenides at temperatures above 673 K (B ↔ Si 
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exchange). Carbon-coated silica tubes, often used for the synthesis of alkali and alkaline earth 
chalcogenoborates, are disadvantageous with respect to longer reaction times and 
temperatures above 1173 K. For such kind of reactions the vessels must be made either of 
boron nitride or glassy carbon. The chalcogenoborates of the heavier chalcogens are sensitive 
against oxidation and hydrolysis and, hence, they have to be handled in an inert environment. 
Therefore, the development and optimization of appropriate preparative routes towards pure 
and crystalline RE thio- and selenoborates was needed. 
 
2.1 High-temperature routes 
 
For high-temperature synthetic routes the starting mixtures were prepared by grinding 
powders of the corresponding compounds to fine powder followed by cold-pressing into 
pellets.  
  
Scheme II. 1: Schematic representation of the setup 
used for high temperature synthetic routes. 
Figure II. 2: Reaction setup after the reaction 
process. The Argon used in this case contained  
~ 5 % oxygen, causing oxidation of the Ta 
ampoule. The sample, located in the BN crucible, 
thereafter reacted with oxygen, too. 
 
Figure II. 3: Tantalum lids after the high-
temperature reaction processes. Materials deposited 
on the inner surfaces are boron chalcogenide 
glasses. Their color depends on the chalcogen 
element and on the RE metal used. Namely, above 
~ 673 K, boron chalcogenides are gaseous. It is 
probable that gaseous phase transports small 
amounts of RE chalcogenides, which are formed 
during the reaction, and condenses on the inner 
surfaces of tantalum lids. RE chalcogenides are 
colored intensively, which gives rise to differently 
colored boron chalcogenide glasses. 
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The optimization of the high-temperature routes (beyond the melting points of the RE 
metals) led to the development of specially designed crucibles made of sintered boron nitride 
(BN, without any binder component, ø 16/10 mm, height 50mm) which were enclosed in 
tantalum ampoules (Ta, ø 18 mm) under ambient argon pressure. These ampoules were then 
placed into quartz glass reactors (with connections to argon supply and relieve pressure valve) 
under flowing argon, to prevent oxidation of the Ta ampoules (Scheme II. 1 and Figure II. 2). 
The complete reaction setup was thereafter heated under constant argon flow using one-zone 
vertical tube furnaces. 
Although optimized, this equipment has still some disadvantages caused by the reaction 
of the gaseous boron chalcogenide phase with tantalum at temperatures above 1173 K   
(Figure II. 3). However, a stable protective layer of tantalum sulfide that prevents further 
reaction between the sample and the ampoule material can be generated by means of excess 
boron and chalcogen in the reaction mixtures used and by stepwise heating to maximum 
temperatures.  
For the time being, the maximum temperature of this equipment is limited to 1423 K. The 
development of closed (pressure-resistant) boron nitride lined reactors for operations at even 
higher temperatures is in progress. 
 
2.2 Metathesis reactions 
 
It is known that rare earth polychalcogenides [216] and nitridoborates [217] can be 
obtained by metathesis reactions at moderate temperatures. Employing the same method [218] 
we carried out similar experiments for the preparation of RE chalcogenoborates, which indeed 
appears to be a promising route. 
The idea behind is to use a sodium or lithium thioborate, which should react with rare 
earth chlorides to form the corresponding rare earth thioborate and sodium or lithium 
chloride, as shown below, at somewhat lower temperatures in comparison with the high 
temperature synthetic approach when starting from mixtures of the elements. 
3 Na2[B2S5] + 2 RECl3 → 2 RE[BS3] + 6 NaCl + 2 B2S3 + 3 S (2.1) 
3 Li2[B2S5] + 2 RECl3 → 2 RE[BS3] + 6 LiCl + 2 B2S3 + 3 S (2.2) 
Our first attempts in running metathesis reactions in glassy carbon crucibles inserted in 
silica ampoules revealed that significant reactions between the container material and gaseous 
B–S species take place yielding in quaternary sulfides, such as RE3LiSiS7 (RE = Pr, Nd). 
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Therefore, tantalum was used instead of silica. Boron sulfide, formed during the reaction, 
reacts with the tantalum ampule only at the temperatures above 1073 K, to form a protective 
layer that prevents further reaction between the sample and the ampoule material. 
The reactions were carried out in a one-zone vertical tube furnace. Subsequent separation 
of the reaction products (RE[BS3] and NaCl) by sublimation at elevated temperatures in 
carbon crucibles enclosed in fused silica ampoules was not satisfactory and led to 
decomposition of RE[BS3]. However, separation of the reaction products was successfully 
accomplished by application of a temperature gradient at the beginning of the cooling step by 
vertical shifting of the tantalum ampoule with its top looking out of the furnace. 
 
2.3 Spark Plasma Sintering (SPS) 
 
In this work, SPS was used as a potential synthetic method due to the occurrence of local 
high temperatures developed during pulse current flow through the powder particles inside the 
SPS sintering die [219].  
For these experiments, elemental mixtures and mixtures of binary compounds in different 
ratios were ground to fine powders, placed inside the graphite die (ø 8 mm) and pressed 
between two graphite punches. To prevent the sample from flowing out of the system, 
graphite foils were used in between sample and dies. The graphite die with sample inside was 
thereafter placed between two stainless steel punches connected to the electrodes. Assembling 
of the experimental setup was performed in a glove box operating under argon atmosphere. 
Prior to the experiment, the chamber surrounding the experimental setup was evacuated until 
high vacuum was reached. Samples were then tempered for 2 hours at elevated pressures of 
80 MPa – 85 MPa in the reaction chamber of an SPS system based on a SPS Dr. Sinter 515 
machine, integrated in an argon glove box [221]. The pulse sequence was 12 pulses (each    
Scheme II. 2: Schematic representation of 
the pulse current flowing through powder 
particles inside the SPS sintering die [220].  
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3.3 ms) followed by a pause (6.6 ms), which is the standard operating regime. Temperature 
control during the SPS process was carried out using a K-type thermocouple.  
The biggest disadvantage of this method is that the maximum temperature which can be 
used during the experiment cannot exceed 2/3 of the lowest melting point (Tm) among the 
compounds used in starting mixtures. In other words, having either sulfur (Tm = 388 K) or 
selenium (Tm = 490 K) present in the starting mixtures, the reaction temperatures have to be 
low, namely ~ 350 K and ~ 420 K, respectively, for these experiments.   
After decompression, the central part of the experimental setup was transferred to a glove 
box operating under argon atmosphere, where the sample was separated from the die and 
punches. Separation of the sample from the graphite foil is difficult and mostly not complete.  
 
2.4 High-Pressure High-Temperature (Hp – HT) Syntheses 
 
High-pressure conditions were achieved by using a hydraulic uniaxial press where force 
redistribution is accomplished by a Walker-type module and MgO octahedra with an edge 
length of 18 mm [222, 223]. Elevated temperatures during the reactions were realized by 
resistive heating of graphite tubes enclosing the sample crucibles. Pressure and temperature 
calibration was performed prior to the experiments by monitoring the resistance changes of 
bismuth [224] and using a thermocouple, respectively. Sample handlings including loading of 
the high-pressure setup were performed in a glove box operating with an argon atmosphere 
(MBraun, H2O < 1 ppm; O2 < 1 ppm).  
During the experiment, the octahedral assemblies for the Hp – HT syntheses were 
compressed to ~1 GPa – 8 GPa for 5 h and heated to 1173 K – 1673 K. Hexagonal boron 
nitride (hBN) was used as the crucible material. After reaction, the central Hp – HT setup was 
removed from the press and transferred into a glove box where the sample was isolated from 
the crucible. No indications for reactions between the samples and the crucible material were 
observed.  
 
3 Analytical methods and samples characterization 
 
3.1 Powder X-ray diffraction 
 
Powder X-ray diffraction (PXRD) was used as a primary tool for phase identifications by 
comparing the experimental powder patterns with the data from crystallographic databases 
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(Pearson’s crystal data base [171] or Inorganic Crystal Structure Database [1]) or with 
simulated diffraction patterns of known compounds using the program package WinXPOW 
[225].  
Finely ground polycrystalline materials were placed between vaseline-coated Kapton 
foils on a flat sample holder and diffraction patterns were recorded on a Huber G670 Guinier-
camera, equipped with a Ge (111) monochromator (Cu Kα1 radiation, λ = 1.54059 Å, Co Kα1 
radiation, λ = 1.78896 Å or Cr Kα1 radiation, λ = 2.28970 Å) in transmission geometry in the 
angular range 3o < 2θ < 110o.  
Powder X-ray diffraction was also applied for the precise determination of the unit cell 
parameters. The unit cell parameters were determined at ambient temperature using LaB6      
(a = 4.15692(1) Å) as internal standard, and refined by Le Bail fits and least square 
refinements of the Bragg reflection positions using the WinCSD program package [226-228]. 
Facing the difficulty of obtaining materials suitable for picking single crystals, powder  
X-ray diffraction was used for crystal structure determinations and refinements of crystalline 
phase materials. The samples were finely ground and sieved through 40 μm sieves. The 
fraction collected between 20 μm and 40 μm was filled thereafter in glass capillaries (outer ø 
0.2 mm), which were then sealed. Due to the air and moisture sensitivity of the materials 
under investigation, sample handling was done in a glove box under purified inert gas. 
A STOE StadiP-MP diffractometer, equipped with a Ge (111) monochromator, was used 
and the diffraction patterns were recorded in Debye–Scherrer geometry with Cu Kα1 radiation 
(λ = 1.54059 Å) or Mo Kα1 radiation (λ = 0.70932 Å), in the angular range 10° ≤ 2θ ≤ 110° or 
2° ≤ 2θ ≤ 100°, respectively.  
Monte Carlo indexing [229] and direct space structure solution methods [230] were used 
for structure determinations. Subsequently, the Rietveld refinement method [231] was applied 
by using the GSAS software package [232, 233]. Rietveld refinement was used to minimize 
Σwi(Io,i – Ic,i)
2 where Io,i and Ic,i are the observed and calculated powder diffraction intensities 
for the ith point, respectively. Weights, wi, are defined as 1/Io,i. Weighted and non-weighted 
profile R-factors are defined as:  
	
∑ , ,
∑ ,
 (2.3) 
and  
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∑ , ,
∑ ,
 (2.4) 
The structure factor RF is defined as:  
∑
∑
 (2.5) 
The expected R-factor (the statistically best possible value for Rwp) is defined as:  
∑ ,
 (2.6) 
where N is the number of observed powder diffraction data points and P is the number of 
refined parameters. 
 
3.2 Crystal structure investigations using synchrotron radiation 
 
For in situ investigations at low temperatures, the samples were finely ground and sieved 
through 40 μm sieves. The fraction collected between 20 μm and 40 μm was filled thereafter 
in quartz glass capillaries (outer ø 0.5 mm). Filled capillaries were then closed with a two-
component epoxy-resin adhesive. No reaction between the sample and the adhesive was 
observed. Due to the air and moisture sensitivity of the materials under investigation, sample 
handling was done in a glove box under a purified inert gas. 
The measurements were performed using synchrotron radiation (λ = 0.39980 Å) in the 
angular range 1° ≤ 2θ ≤ 35° at the beamline ID31 (equipped with double-Si (111) crystal 
monochromator and multi-analyzer detector [234-236]) at the European Synchrotron 
Radiation Facility in Grenoble. The low temperatures were achieved using a liquid helium 
cryostat (Janis Inc., USA). The measurements were performed in different steps during 
cooling in the temperature range from 30 K to 226 K, and at the ambient temperature. 
 
3.3 Single crystal X-ray diffraction analysis 
 
For single crystal X-ray diffraction investigations, suitable single crystals with 
approximate sizes 20 × 20 × 20 μm were mounted on the tip of drawn-down glass capillaries 
and additionally sealed in glass capillaries with ø 0.2 mm. Sample handlings and preparation 
were performed inside an Argon filled glove box. Single crystal diffraction investigations at 
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ambient temperature were carried out on a Rigaku AFC7 diffractometer with Mercury CCD 
detector and graphite monochromatized Mo Kα (λ = 0.71069 Å) radiation. Crystals were 
stable during data collection and intensity data were extracted from collected images using the 
CRYSTALCLEAR program package [237]. Standard corrections for Lorentz and polarization 
effects were applied along with absorption corrections based on multiple scans or face 
indexing. 
 
3.4 Metallographic investigations 
 
In order to investigate homogeneity regions, phase distribution and structures within the 
reaction products by optical microscopy, the samples were prepared for metallographic 
studies. Metallographic investigations were done on bulk specimens of about 3 mm in 
diameter. As the materials are air and moisture sensitive, they were handled and prepared in a 
glove box. A piece of the specimen was embedded in two-component epoxy resin and ground 
using fixed abrasive papers (SiC, grit sizes 40 μm, 24 μm and 15 μm). The ground samples 
were polished in four steps using slurries of 6 μm, 3 μm, 1 μm and ¼ μm diamond powders 
with dry n-hexane as lubricant on polishing clothes (MD-Dur, Struers). After each step, the 
specimens were cleaned with a rubber cleaning tool. The microstructures were examined by 
optical microscopy (Axioplan 2, Zeiss) using bright field, dark field, differential inference 
contrast and polarized light. 
 
3.5 Electron microscopy 
 
3.5.1 Scanning electron microscopy and energy dispersive X-ray spectroscopy 
 
Homogeneity regions and phase distributions within the reaction products were also 
investigated by scanning electron microscopy (SEM). Samples prepared in the same way as 
for the metallographic investigations were used. SEM and the determination of the chemical 
composition of the samples by energy dispersive X-ray spectroscopy (EDXS) were performed 
using a SEM Philips XL 30 (LaB6-cathode, accelerating voltage: 25.0 kV, magnification: 
1000 Χ) with integrated energy dispersive spectrometer. The characteristic X-ray signals were 
analyzed using the software package EDAX Genesis [238]. The EDX analyses in this work 
were performed without using standards. The standardless EDX in general is only reliable for 
elements with Z > 10, which means that the boron content was not determined quantitatively, 
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but its presence was confirmed in the materials under investigation. The values of the boron 
content obtained from the measurements with standard are unfortunately unreliable, too. 
 
3.5.2 Transmission electron microscopy 
 
Samples for transmission electron microscopy (TEM) were prepared by means of 
grinding and deposition on a holy-carbon film, supported by a copper grid, in inert 
atmosphere in an argon filled glove box, which allowed for TEM investigations using a 
TECNAI 10 Electron Microscope equipped with a CCD camera. The samples were quickly 
transferred into the chamber of the electron microscope, thereafter evacuated until high 
vacuum was reached.  
The selected area electron diffraction (SAED) patterns were analyzed with the imaging 
software Digital Micrograph [239] and compared with the simulated electron diffraction 
images obtained from the JEMS software [240]. 
 
3.6 Optical spectroscopy 
 
Optical spectroscopy, namely Infra-Red and Raman spectroscopy, was used in order to 
qualitatively describe the presence of [BS3]
3– groups in the crystal structures of RE[BS3],                  
RE = La – Nd, Sm, Gd, Tb, as well as [BS3]
3– and [BS4]
5–coexisting within the crystal 
structures of RE9B5S21, RE = Gd – Lu, Y. 
 
3.6.1 Infra-Red spectroscopy 
 
The samples for Infra-Red (IR) spectroscopy measurements were prepared by means of 
grinding the mixture compound under investigation with anhydrous KBr (ratio: 1.5 mg :    
150 mg), which was thoroughly mixed, followed by cold pressing, four times to 8 kN, each 
time the sample was rotated for 90o to ensure equal compression. The, so called, KBr blank 
pellet was prepared in the same way with 150 mg of anhydrous KBr. It was used for the 
background subtraction. Sample preparation took place in an Argon filled glove-box. Pellets 
prepared in such a way were transferred quickly to the Bruker IFS 66v/S Infra-Red 
spectrometer and the sample chamber was immediately evacuated. However, for a very short 
period of time the samples were in contact with air. Therefore, the possibility of oxidation 
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cannot be excluded. The obtained data were compared to each other and to literature data 
from similar compounds. 
 
3.6.2 Raman spectroscopy 
 
Fourier transformed Raman spectra were collected on a LabRam Jobin Yvon 
spectrometer equipped with an Olympus BX 40 microscope (magnification ranges from 10x 
to 100x). Blue, green and red lasers were used. Blue and green lasers were Ar ion lasers with 
wavelengths of 487.987 nm and 514.532 nm, respectively. The red laser was a He – Ne laser 
with the wavelength of 632.817 nm. A D1 filter was used for the measurements, reducing the 
laser power approximately ten times (laser power ~ 10 mW). Magnification of 20x with the 
long distance objective was used during these measurements. The integration time was 500 s 
for 20 repetitions. For these measurements finely ground polycrystalline samples or single 
crystals were placed inside glass capillaries (ø 0.5 mm) and sealed under argon. The data were 
collected in the range of 0 cm–1 to 4200 cm–1, and were compared with each other and to 
literature data of similar compounds.  
 
3.7 X-ray absorption spectroscopy 
 
X-ray Absorption Spectroscopy (XAS) was used in this work in order to investigate the 
electronic configuration and local structure around Pr, Sm and Lu in the corresponding rare 
earth thioborates or thioborate sulfates. The complete XAS spectrum is collected across an 
energy range of around 200 eV before the absorption edge of interest and until 1000 eV after 
it. Formally, the XAS spectrum can be divided into two main regions (Scheme II. 3): X-ray 
Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure 
(EXAFS).  
 
Scheme II. 3: Schematic drawing of a typical 
XAS spectrum with marked XANES and 
EXAFS regions. 
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XANES is used to determine the valence state and coordination geometry, whereas 
EXAFS is used to “determine” the local structure of a particular element in a sample. Below 
the absorption edge, there is a linear and smooth area. The absorption edge is defined as the 
X-ray energy when the absorption coefficient shows a pronounced increase. This energy is 
equal to the energy required to excite an electron to an unoccupied orbital. The edge appears 
as a step, which can have additional extra shapes, such as isolated peaks, shoulders or a white 
line, which is a strong peak on the edge. 
During XAS experiment, the monochromatic X-ray beam passes through sample and 
reference material. The intensity of the X-ray is measured in gas-filled ionization chambers in 
front and behind the sample and behind the reference material (Scheme II. 4). The absorption 
of the sample and reference material follows the Lambert-Beer law, and is expressed as:  
 ln (for the sample) (2.7)
and 
 ln (for the reference material) (2.8)
where μ is the linear absorptions coefficient (which depends on the types of atoms and the 
density of the material), and d is the thickness of the sample. 
 
Scheme II. 4: Schematic representation of the 
experimental setup for XAS experiments. The 
primary beam (a) passes through the first 
ionization chamber IC-1 with the intensity I0, 
then passes through the sample (b) and the rest 
intensity I1 is measured in the second 
ionization chamber IC-2. Thereafter, the beam 
passes through the reference sample (c), and 
the rest intensity I2 is then measured in the 
third ionization chamber IC-3. 
Pr LIII, Sm LI and LIII, and Lu LIII X-ray absorption spectra (XAS) of polycrystalline 
samples Pr[BS3], Sm[BS3] and Lu9B5S21, respectively, were recorded in transmission 
arrangement at the EXAFS beamlines A1/C of HASYLAB at DESY in Hamburg, Germany. 
Polyethylene pellets (diameter: 10mm) containing calculated amounts of powdered sample 
were enclosed in Kapton foil. The optimal weights of the samples and reference materials 
were calculated using the program XAFSmass [241], depending on the energy of the 
absorption edge of the element under investigation.  
Table II. 2 gives an overview of the edge energies, sample weights, and reference 
materials (for calibration of the energy scale) used in this work.  
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Table II. 2: Overview of edge energies, sample weights and reference materials used for the XAS experiments 
in this work. All rare earth oxides (reference materials) were used as purchased (ChemPur, powder, 99.9 %). 
Rare earth metal Edge Energy (eV) Sample weights (mg) Reference material 
Pr LIII 5965 ~ 9 Pr2O3 
Sm LI  / LIII 7737 / 6717 ~ 11 Sm2O3 
Lu LIII 9244 ~ 18 Y2O3 
An Oxford He gas-flow cryostat was used for low temperature measurements at 5 K, 10 
K, 40 K – 70 K (in steps of 10 K), 100 K, 200 K, 283 K, 285 K and 293 K, respectively. 
Measurements were also performed at 298 K without cryostat. Wavelength selection was 
realized by means of a Si(111) double crystal monochromator which yields an experimental 
resolution of approximately 1 eV (FWHM) for the experimental setups at the Pr LIII, Sm LI 
and LIII, and Lu LIII thresholds. An EXAFS program with initial step size and sample time of 
ΔE = 0.5 eV and t = 0.5 s was applied for energies up to 1 keV above the edge.  
EXAFS data analyses were performed using the ATHENA and ARTEMIS packages 
[242]. The EXAFS interference functions, χ(k), were extracted from the measured absorption 
spectra using the standard procedure [243], which includes pre- and post-edge background 
removal. XANES data analyses were performed using the program OriginPro [244], by 
plotting and comparing the experimental data from the sample and the reference material. 
 
3.8 Thermal analysis 
 
Long-term annealing at elevated temperatures was used to decrease the amount of boron 
chalcogenides in the reaction products. To determine the annealing temperatures before 
decomposition of the main products occur, we have performed thermal analyses of several 
samples. Thermal analysis comprises a group of techniques with which materials changes are 
studied as a function of temperature. In this work we used the thermogravimetric analysis 
(TGA) on a Mettler-Toledo TGA/DSC 1 HT with gas controller GC 200 integrated in a glove 
box. For data analysis the software STARe 9.30 [245] was used.  
Sample preparations and handlings were done inside an argon filled glove box. 
Polycrystalline samples were finely ground and filled into an alumina (150 myl) crucible with 
amounts of 20.79 mg for Pr[BS3], 18.34 mg for Nd[BS3], 2.71 mg for Gd[BS3], 13.07 mg and 
19.89 mg for Gd9B5S21, 8.75 mg for Dy9B5S21, 14.00 mg for Lu9B5S21 and 12.33 mg for 
Y9B5S21. The choice of the crucible material was made in such a way that the possibility of 
reactions with the samples at the conditions of the measurements was reduced. For each 
measurement two cycles were performed. During the first cycle, the sample decomposition 
took place, while the second cycle was needed in order to obtain the background curve that 
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originates from the mass fluctuations at elevated temperatures of an empty crucible and the 
balance discrepancy at the beginning of the measurements. Later, the background was 
subtracted from the measurement data. The weight of the sample should be constant during 
the second measurement cycle. If not, the investigated sample exhibits a very slow 
decomposition reaction. Most of the measurements were done up to 1773 K, with a heating 
ratio of 10 K/min and a cooling rate of 20 K/min, with Argon flow in the range of 100 ml/min 
to 200 ml/min. The exceptions were the experiments on gadolinium thioborate and thioborate 
sulfide compounds. In case of Gd[BS3] the maximum temperature was 1873 K, while heating 
and cooling rates took place with 20 K/min and 10K/min, respectively. On the other hand, for 
the thermal analysis of Gd9B5S21 a heating rate of 1K/min was used up to the maximum 
temperature of 1773 K, followed by a cooling procedure with 10K/min. Additional 
experiments, with heating and cooling rates of 0.2K/min and 1K/min, respectively, were 
performed in order to better observe the behavior of the materials at lower temperatures (until 
773 K).  
 
3.9 Magnetic susceptibility measurements 
 
Magnetic susceptibility measurements were performed on samples Sm[BS3], Gd[BS3] 
and Tb[BS3]. Bulk pieces of the polycrystalline samples of about 19 mg, 12 mg and 10 mg 
mass, respectively, were sealed in precalibrated quartz glass tubes (ø 4 mm, wall thickness     
1 mm) under 400 mbar Ar atmosphere. The magnetic susceptibility was measured on a 
SQUID magnetometer (MPMS XL-7, Quantum Design). The magnetometer contains a high-
precision temperature control system that allows measurements between 1.8 K and 400 K 
with an accuracy of 0.01 K (valid at low temperatures). A superconducting magnet provides 
magnetic fields up to Bext = 7 T, with a field accuracy of 10 μT (for low fields). Here, the 
measurements were performed at 0.01 T, 0.02 T, 0.2 T and 1 T.  
 
3.10 11B NMR spectroscopy 
 
11B magic angle spinning (MAS) NMR spectra were recorded at a resonance frequency of 
160.5 MHz  on a Bruker AVANCE spectrometer (B = 11.74 T), equipped with a 2.5 mm 
MAS NMR probe operated at a rotation frequency of 25 kHz. Single pulse acquisition using 
short (π/6) pulses of 1 μs were used to ensure equal excitation independent on quadrupolar 
interaction strength. A recycle delay of 10 s is sufficient to allow full relaxation. 
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3.11 Quantum chemical calculations 
 
Since the refinements of the boron vacancy arrangements in the crystal structure of rare 
earth thioborate sulfides, RE9B5S21, RE = Gd – Lu, Y, based on the X-ray powder diffraction 
data did not yield any clear result, first-principles calculations were carried out on 113 
supercells of Lu9B5S21 in order to determine which one of the two crystallographically 
indipendent boron sites contains the vacancies. Total energy and force calculations as well as 
charge transfer and chemical bonding analyses were performed. All possible vacancy 
arrangements (a total of six different models) were considered.   
 
3.11.1 Total energy calculations 
 
Electronic structure calculations were performed with the all-electron full-potential local 
orbital (FPLO) method [246]. Local density approximation to the density functional theory 
with Perdew-Wang [247] parameterization for the exchange-correlation potential was used.  
 
3.11.2 Charge transfer analysis 
 
Charge transfer analysis was carried out using Bader's quantum theory of atoms in 
molecules (QTAIM) [248]. Bader’s theory is based on the topological analysis of the charge 
density. In this approach the local maxima of the charge density, which usually occur at a 
nuclear sites, are determined first. Each of these maxima is surrounded by a three-dimensional 
region which is formed by zero-flux surfaces of the electron density gradient. Such a region is 
referred to as an atomic basin. 
Two kinds of information which can be extracted from QTAIM analysis, namely the 
volume of an atom and the charge of an atom, were of particular interest. The former is the 
volume of the atomic basin, and the latter is obtained by integrating the charge density inside 
the atomic basin. 
 
3.11.3 Chemical bonding 
 
Chemical bonding was studied using the concept of the electron localizability indicator 
(ELI) [249], which was computed by a module implemented in version 5 of FPLO [250]. The 
Basin program [251] was used for the topological analysis. 
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Topological analysis of ELI allows the chemical bonding in solids to be investigated in 
real space by looking for the ELI local maxima and the zero-flux surfaces in the ELI gradient 
field. ELI is defined in terms of a novel space partitioning scheme and has the following 
advantages compared to the previously introduced electron localization function (ELF) [252]:  
- ELI does not require scaling by a reference system (the homogenous electron gas); 
- ELI can be defined at a correlated level of theory; 
- A variant of ELI, called ELI-D, allows for charge decomposition analysis, i.e., the 
contributions of individual (molecular) orbitals to ELI can be calculated.  
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1. Reinvestigation of the only reported rare earth thioborate compound – EuB2S4 
 
In synthesis published for EuB2S4 [2] stoichiometric mixture of powders of the 
corresponding elements was used as a starting mixture, which was filled into a carbon-coated 
silica tube, sealed thereafter and inserted into a horizontal one-zone furnace. Heating and 
cooling procedures for EuB2S4 were performed as follows: 
298 K  990 K (6h)  820 K  520 K  298 K 
The obtained product (yellow plate-shaped crystals) was air and moisture sensitive. 
During our reinvestigation of the Eu–B–S system it was found that EuB2S4 [2] could be 
reproduced by using the following heating and cooling procedures: 
298	K	 	673	K	 5h 	1023	K	 10h 	1123	K	 10h 	298	K 
The synthetic approach was closely related to the conditions already published [2]. The 
experimental setup, however, was different. Namely, instead of carbon-coated silica tubes  
sintered boron nitride (BN) crucibles, enclosed in tantalum (Ta) ampules under ambient argon 
pressure, thereafter sealed using an arc melting furnace and placed in quartz glass reactors 
with connections to argon supply and a relieve pressure valve, were used. The complete 
reaction setup was annealed under constant argon flow using a one-zone vertical tube furnace. 
The reaction carried out in such a manner yielded a yellow-orange polycrystalline material. 
Besides EuB2S4, identified from the powder X-ray diffraction data, the reaction product 
contained an additional phase with unknown crystal structure. 
 
2. RE[BS3] (RE = La – Nd, Sm, Gd, Tb) 
 
In this chapter various preparation routes to obtain rare earth orthothioborates with the 
general formula RE[BS3] (RE = La – Nd, Sm, Gd, and Tb) are presented. Their crystal 
structures were solved and refined from powder X-ray diffraction data and later confirmed by 
the single crystal X-ray analysis and from the results of EXAFS data analysis, for RE = Pr. In 
addition, optical spectroscopy, namely Infra-Red and Raman spectroscopy were used to 
confirm the presence of thioborate anions. The information on the thermal stability of these 
compounds was obtained from the thermogravimetric analyses (TGA), and a new 
modification of gadolinium sesquisulfide, μ-Gd2S3, was discovered as the remaining product 
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after thermal decomposition of gadolinium thioborate, Gd[BS3]. The experimental data 
obtained by magnetic measurements of samarium orthothioborate showed an interesting 
feature in the temperature region from 50 K to 62 K, which was further investigated by X-ray 
Absorption Spectroscopy, namely XANES, and by crystal structure investigation using 
synchrotron radiation, both applied at low temperatures.  
 
2.1 Syntheses and phase analyses 
 
The starting mixtures for the syntheses of the series of isotypic compounds RE[BS3]    
(RE = La – Nd, Sm, Gd, and Tb) were comprised of the corresponding RE metal (powder or 
chips), amorphous boron and sulfur (for the ratios see text below). The mixtures were ground, 
cold pressed to 5 kN, and again ground to fine powder. Prepared in such a way, they were 
used for three different preparation routes: high-temperature routes, metathesis reactions and 
high-pressure high-temperature routes. Whereas the high-temperature routes yielded only first 
four members of the series (RE = La – Nd), and the metathesis approach was successful only 
for Pr and Nd orthothioborates (the other rare earth elements were not used in these 
experiments), application of high-pressure high-temperature conditions yielded all the 
compounds from the series, except for Ce[BS3]. 
 
High-temperature Routes 
For the samples synthesized by high-temperature routes excess boron and sulfur was used 
in the starting mixtures, due to the side reaction of B2S3 with tantalum, in a way that the 
educts sum up to the total compositions “LaB3S6”, “CeB3S6”, “PrB5S9” and “NdB3S6”, 
respectively. The powders of the starting mixtures were filled in BN crucibles), which were 
deposited in sealed Ta ampoules under ambient argon pressure. The complete reaction 
containers were deposited in quartz glass reactors with connections to argon supply and a 
relief pressure valve and were heated using a one-zone vertical tube furnace. The reactions 
were carried out under constant argon flow by applying the following heating and cooling 
procedures: 
298	K	 	673	K	 5h 	1023	K	 10h 	1323	K	 300h 	473	K	 	298	K 
RE[BS3] (RE = La – Nd) are only formed with sample loadings larger than 0.12 g/cm
3 of 
the free ampoule volume and at temperatures around 1323 K. At lower temperatures the 
binary sulfides are obtained as the reaction products [12]. Obviously, a significant pressure of 
Marija Borna  III Rare earth thioborates 
71 
 
B2S3 and/or a temperature close to the RE metals melting points are needed for the reaction 
from the elements to succeed. Syntheses of the heavier homologues were unsuccessful by this 
preparation route due to the limitations of this method, i.e. the melting point (Tm) of Sm,  
1347 K, is just above the maximal temperature which can be used in this setup. The 
compound Sm[BS3] could not be obtained by this method. The reaction products with         
RE = Sm, Gd – Lu exclusively consisted of rare earth sulfides which were already known. 
Apart from the melting point being one of the boundary conditions, the RE3+ ionic size plays 
the role in a stability of these compounds, i.e. Dy[BS3] doesn’t form even at temperatures 
which are high enough. Under these conditions Dy9B5S21 was obtained, with the coordination 
number of Dy being 6+1 (see part III chapter 4).  The same is valid for Yb. Its Tm can be 
reached by application of the high-temperature routes, but Yb[BS3] doesn’t form. Europium 
orthothioborate could not be obtained by this preparation technique, probably because of its 
electronic nature.   
Growing single crystals of RE[BS3] by chemical transport reactions was not successful. 
Only large single crystals of α-Nd2S3 with a new three-dimensional superstructure were 
obtained. However, attempts to grow single crystals of RE[BS3] by long-time annealing 
yielded single crystals of Pr[BS3]. They were obtained by applying different heating and 
cooling procedures to the starting mixture [13], namely: 
298	K	 	673	K	 5h 	1023	K	 10h 	1323	K	 300h 	473	K	 	298	K 
 
Figure III. 1: Comparison of the observed 
powder X-ray diffraction pattern of 
polycrystalline Pr[BS3] and the calculated 
pattern resulting from single crystal X-ray 
determinations of the same sample [13].  
Large green needlelike crystals with length up to 3 mm were grown on the upper surface 
of the green product pellet, which contains only one crystalline phase with identical crystal 
structure (Figure III. 1). For the structure determination by means of single crystal X-ray 
analysis the crystals were cut in smaller prismatic pieces. 
 
Marija Borna  III Rare earth thioborates 
 
72 
 
Metathesis reactions 
For the preparation of Pr[BS3] and Nd[BS3] by metathesis reactions mixtures of 
Na2[B2S5] [203] and the corresponding RECl3 in the molar ratio 3:2 were used. The 
experimental procedures were similar as for the high-temperature reactions. The difference is 
that instead of BN the crucibles were made of glassy carbon. In addition, the applied 
temperature program was different: 
298	K	 	1073	K	 16h 	298	K 
During the reaction, B2S3, which is one of the reaction products (part II chapter 2.2), 
reacts with the Ta ampoule to form a protective layer of tantalum sulfide, giving the end 
reaction products RE[BS3] and NaCl (in the ideal case, the reaction products of these 
metathesis reaction would be RE2[B2S5]3 + NaCl). Subsequent separation of the reaction 
products was needed.  
Metathesis experiments using Li2[B5S5] [203] instead of Na2[B5S5] were also performed. 
In case that quartz wool was used in these experiments as the lid for the glassy carbon 
crucibles, RE3LiSiS7, RE = Pr, Nd, were obtained. The obtained compounds are isotypic to          
RE3Ag1-δSiS7, RE = La – Nd, Sm and δ = 0.10 – 0.23 [253]. The crystal structures of these 
compounds were refined by application of the Rietveld refinement method (Table A. 3 with 
lattice parameters together with Figure A. 2 showing the Rietveld refinement plot of Pr3LiSiS7 
in the Appendix).  
Several attempts to obtain the heavier RE thioborate homologues were performed with 
Ho and Lu, but only unknown phases next to the known RE sulfides were obtained.  
 
High-pressure high-temperature routes 
High-pressure high-temperature conditions were used to synthesize all compounds from 
the series of rare earth orthothioborates RE[BS3] (RE = La – Nd, Sm, Gd, and Tb), except for 
Ce[BS3]. The reason for the unsuccessful synthesis of cerium orthothioborate is assumed to be 
aroused by the use of Ce chunks as the starting material. Namely, the diffusion through the 
mixture and formation of Ce[BS3] couldn’t take place under the applied experimental 
conditions. For the Hp – HT experiments excess boron and sulfur were used in the starting 
mixtures. Ratios of corresponding rare earth metals, boron and sulfur of 1:3:6 were used                   
(“La + 3B + 6S → La[BS3] + B2S3”). Molar ratios corresponding to the chemical 
compositions of the compounds under investigation did not yield sufficiently pure materials.  
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For these experiments pressure transmission was realized by octahedra made of MgO 
with an edge length of 18 mm. Hexagonal boron nitride (hBN) was used as the crucible 
material. The experimental parameters for the syntheses of RE[BS3], RE = La – Nd, Sm, Gd, 
and Tb, by the Hp – HT preparation route are listed in the Table III. 1. 
Table III. 1: Experimental conditions for the syntheses of the 
compounds RE[BS3], RE = La – Nd, Sm, Gd, and Tb, by the       
Hp – HT preparation route. 
RE[BS3] p (GPa) T (K) t (h) 
La[BS3] 3.5 1673 0.5 
Pr[BS3] 3 1173 0.5 
Nd[BS3] 3 1173 0.5 
Sm[BS3] 3.5 1673 5 
Gd[BS3] 4.5 1373 5 
Tb[BS3] 3.5 1673 5 
In all the experiments performed, no indications of reactions between the container 
material and the samples were observed, and the reaction products could be easily removed 
from the crucibles. Due to the excess of boron and sulfur in the starting mixtures, it is 
assumed that boron sulfide (B2S3) was present in all the reaction products as the secondary 
phase in its amorphous form. This was first indicated in the results of the magnetic 
measurements on the samples of RE[BS3], RE = Gd, Sm, Tb, which confirmed the presence of 
an additional phase which doesn’t 
contain rare earth metal. The thermal 
analysis of Gd[BS3] samples have 
confirmed presence of significantly 
higher amounts of B2S3 than expected 
from the decomposition reactions 
alone. Our efforts to separate B2S3 
from the main reaction products by 
sublimation under vacuum at low 
temperatures remained hitherto 
unsuccessful, although annealing at 
773 K in quartz glass ampoules 
(placed in such a way that its upper 
part stays out of the furnace) for two weeks significantly reduced its content in the samples.  
All the reaction products obtained by this preparation route were polycrystalline 
materials, and up to now it was not possible to obtain single crystals suitable for crystal 
structure determinations. The crystallinity of the reaction products obtained by this 
 
Figure III. 2: Comparison of the observed powder X-ray 
diffraction patterns of polycrystalline Nd[BS3] obtained by the 
high-temperature route (gray, bottom) and by the high-
pressure high-temperature route (magenta, top). 
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preparation route is lower than observed in products obtained either from high-temperature 
routes or metathesis reactions, which can be seen, for example, for Nd[BS3] as shown in 
Figure III. 2. 
 
2.2 Crystal structure determinations 
 
Lattice parameters determinations 
The lattice parameters of RE[BS3] (RE = La – Nd, Sm, Gd and Tb) were refined by Le 
Bail fits of the powder X-ray diffraction data and by least square refinements of the Bragg 
reflection positions (Table III. 2 and Tables A. 4 and A. 5 in the Appendix). Figure III. 3 
shows the observed and calculated powder X-ray diffraction patterns in the angular range                 
15o < 2θ < 80o for Nd[BS3] obtained from the high-temperature route and for Tb[BS3] 
obtained from the Hp – HT route. 
Compound a (Å)  b (Å) c (Å) V (Å³) Table III. 2: Unit cell 
parameters of compounds 
RE[BS3] (RE = La – Nd, Sm, 
Gd, and Tb), space group 
Pna21. The data presented refer 
to the RE[BS3] (RE = La – Nd) 
samples obtained by the high-
temperature route and to 
RE[BS3] (RE = Sm, Gd, and Tb) 
obtained by the Hp – HT route. 
La[BS3] 7.6821(2) 6.0478(4) 8.9964(3) 417.97(2) 
Ce[BS3] 7.6087(4) 6.0168(2) 8.9319(4) 408.91(1) 
Pr[BS3] 7.5596(5) 6.0067(3) 8.8943(5) 403.88(1) 
Nd[BS3] 7.4869(3) 6.0055(2) 8.8581(3) 398.29(2) 
Sm[BS3] 7.3657(5) 6.0272(2) 8.8004(6) 390.69(5) 
Gd[BS3] 7.2572(5) 6.0645(5) 8.7547(6) 385.31(4) 
Tb[BS3] 7.2053(9) 6.0784(9) 8.7194(12) 381.88(10) 
Figure III. 3: Observed and 
calculated powder X-ray diffraction 
patterns of polycrystalline Nd[BS3], 
obtained by the high-temperature 
route, and Tb[BS3], obtained by the  
Hp – HT route. Red arrows represent 
peaks of unidentified impurity/trace 
phase. 
In agreement with the results of the crystal structure determinations the EDXS confirmed 
the presence of boron and the molar ratios RE:S of 1:3. A back scattered electron (BSE) 
image of Nd[BS3] obtained by the high-temperature route is shown in the Figure III. 4. 
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Figure III. 4: BSE image of microcrystalline Nd[BS3] 
obtained by the high-temperature route. 
The changes in the unit cell dimensions with decreasing RE3+ ionic size are anisotropic 
(Figure III. 5). A continuous decrease of the a lattice parameter is observed, while the length 
of the b axis first decreases and then increases continuously towards Tb. A decreasing trend is 
also observed for the c-parameter, however, not linear. 
 
 
Figure III. 5: Dependence of lattice parameters and unit cell volumes of RE[BS3] from the ionic size of 
RE3+ (coordination number (CN) 9). The values of the ionic radii for RE3+ with the CN = 9 were taken 
from [172]. Orange spheres denote lattice parameters and unit cell volume of Pr[BS3] obtained from the 
single crystal X-ray determinations. 
 
Crystal structure solution and refinements 
The crystal structures of RE[BS3] (RE = La – Nd) were solved from X-ray powder 
diffraction data by Monte Carlo indexing [229] and by direct space structure solution methods 
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[234]. The crystal structures were found to be isotypic. Subsequently, the Rietveld refinement 
method [231] was applied by using the GSAS software package [232, 233] (Figures III. 6 and 
III. 7). To describe the peak shapes during the refinements the Thompson-Cox-Hastings 
pseudo-Voigt (TCH p-V) function with axial divergence asymmetry [254] was used. The 
position of the boron atoms was restrained near the center of gravity of the triangle formed by 
sulfur atoms of the [BS3] units. The isotropic displacement parameters of the sulfur atoms 
were constrained to be equal and the corresponding parameter of the boron site was 
constrained to be 1.5 times that of the attached sulfur atoms. 
The crystal structures of RE[BS3] (RE = Sm, Gd, Tb) were found to be isotypic to the 
homologues containing earlier RE metals and they were also refined by the Rietveld 
refinement method [231] using the GSAS software package [232, 233]. Figures III. 7 and    
III. 8 show the observed and calculated powder X-ray diffraction patterns from Rietveld 
refinements of RE[BS3] (RE = Sm, Gd, and Tb). The TCH p-V function was used to describe 
the peak shapes [254]. Here the position of the boron atom was restrained in the same way as 
above, but the isotropic displacement parameters of sulfur and the attached boron atoms were 
constrained to be equal.  
Table III. 3: Crystallographic data and details on powder data collection and structure refinements for 
compounds: RE[BS3] (RE = La, Ce, Nd, Sm, Gd, and Tb). λ (Cu Kα1) = 1.54056 Å, λ (Cr Kα1) = 2.2897 Å and 
λ (Mo Kα1) = 0.70930Å.  
Chemical formula La[BS3] Ce[BS3] Nd[BS3] Sm[BS3] Gd[BS3] Tb[BS3] 
Color colorless 
yellow-
green 
light green red brown light orange yellow 
Crystal system orth. orth. orth. orth. orth. orth. 
Space group Pna21 Pna21 Pna21 Pna21 Pna21 Pna21 
Temperature (K) 298 298 298 298 298 298 
Z 4 4 4 4 4 4 
Radiation Cu Kα1 Cu Kα1 Cu Kα1 Mo Kα1 Cu Kα1 Cr Kα1 Cu Kα1 
Diffractometer,            
scan mode 
Huber G670,                
transmission 
Stoe STADIP-MP,                            
transmission in Debye-Scherrer geometry 
Formula mass (g·mol–1) 245.90 247.11 251.23 257.39 264.24 265.92 
ρcalc (g·cm
3) 3.91 4.01 4.19 4.38 4.56 4.63 
2θ range (o) 4 – 100 3 – 85 3 – 85 2 – 60 3 – 85 4 – 100 3 – 85 
Absorption coefficient      
μ (mm–1) 
91.16 98.47 112.24 14.36 125.51 123.40 104.55 
Weighted profile R-factor 
Rwp 
0.023 0.023 0.022 0.053 0.013 0.014 0.014 
Profile R-factor Rp 0.016 0.015 0.016 0.045 0.01 0.009 0.010 
Structure R-factor RF 0.051 0.051 0.056 0.040 0.068 0.090 0.043 
Expected R-factor Rexp 0.017 0.019 0.018 0.072 0.012 0.022 0.011 
Table III. 3 summarizes the details on data collection, crystallographic data and crystal 
structure refinements data for the rare earth orthothioborates RE[BS3] (RE = La, Ce, Nd, Sm, 
Gd, Tb). The data for Pr[BS3] are listed in the Table III. 4, page 78. 
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Figure III. 6: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
RE[BS3], RE = La, Ce (left) and RE = Pr (right). 
 
 
Figure III. 7: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
RE[BS3], RE = Nd (left) and RE = Sm, Tb (right).  
 
Figure III. 8: X-ray powder diffraction patterns 
(observed and calculated from Rietveld refinements) 
of Gd[BS3]. 
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Single crystal X-ray diffraction analysis 
Details on single crystal X-ray data collection and crystal structure solution are shown in 
Table III. 4 next to the respective data for powder X-ray diffraction on a polycrystalline 
sample of Pr[BS3]. 
Table III. 4: Crystallographic data and details on powder and single crystal data collection and structure 
refinements of Pr[BS3]. 
 Polycrystalline sample Single Crystal 
Chemical formula Pr[BS3] Pr[BS3] 
Color green green green 
Crystal system orthorhombic orthorhombic orthorhombic 
Space group Pna21 Pna21 Pna21 
Temperature (K) 298 298 295.15 
Z 4 4 4 
Radiation, λ (Å) Cu Kα1, 1.54056 Mo Kα1, 0.70930 Mo Kα, 0.71074 
Diffractometer, scan mode Huber G670, 
transmission 
Stoe STADIP-MP,      
transmission in Debye-
Scherrer geometry 
Saturn724+ (2×2 bin 
mode), dtprofit.ref 
Formula mass (g·mol–1) 247.90 247.90 247.90 
a (Å) 7.5596(5) 7.5631(2) 7.5434(8) 
b (Å) 6.0067(3) 6.0092(1) 6.0130(5) 
c (Å) 8.8943(5) 8.8973(1) 8.8859(10) 
V (Å³) 403.88(1) 404.39(1) 403.05(7) 
ρcalc (g·cm
3) 4.08 4.07 4.085 
Absorption coefficient μ (mm–1) 105.14 13.36 134.01 
Absorption correction  Multi-scan 
Extinction coefficient χ  0.094(2) 
2θ / θ range (°) 3 – 85 2 – 90  4.09 – 33.46 
Weighted profile R-factor Rwp 0.044 0.063  
Profile R-factor Rp 0.028 0.050  
Structure R-factor RF 0.098 0.050  
Expected R-factor Rexp 0.017 0.058  
Crystal size (μm³)  20 × 20 × 20 
hkl-range  
–10 ≤ h ≤ 11 
–9 ≤ k ≤ 3 
–12 ≤ l ≤ 13 
Unique reflections / parameters 
/ restrains 
 1410 / 47 / 1 
R(Fo) / wR( ) / GoF (all data)  0.0249 / 0.0602 / 1.071 
max. / min. Δρ (e–/ 106 · pm³)  2.003 / –2.290 
w1 / w2  0.0308 / 0.000 
Successful optimization of the preparation routes led to single crystals of Pr[BS3] (part III 
chapter 2.1, page 71). Large green needlelike crystals with length up to 3 mm were obtained 
and later cut in prismatic pieces for the single crystal structure determination. The crystal 
structure was solved by Direct Methods and refined by full-matrix least-squares procedures 
on F2 using SHELXS-97 and SHELXL-97 programs [255] as implemented in the WINGX 
program suite [256]. Anisotropic displacement parameters were refined for all atoms. 
Marija Borna  III Rare earth thioborates 
79 
 
Positions of the boron atoms were derived from Fourier difference maps. Final Fourier 
difference maps were featureless.  
 
2.3 X-ray absorption spectroscopy: EXAFS data analysis for Pr[BS3] 
 
The analysis of the EXAFS data of Pr[BS3] confirmed the local structure information 
around the Pr atoms obtained from X-ray powder diffraction data and single crystal X-ray 
diffraction analysis. Structural models, obtained from the Rietveld refinements and single 
crystal X-ray diffraction analysis, were used for the first-principles calculations [257] in order 
to fit the EXAFS data (Table III. 5).  
Table III. 5: R values of EXAFS fits for Pr[BS3] with starting models from the Rietveld refinements 
performed for X-ray powder diffraction data obtained by using the Cu Kα1 and Mo Kα1 radiation, as well as 
from the single crystal X-ray diffraction analysis.
Structural model λ (Å) 
Temperature (K) 
10 100 200 293 
Obtained from the Rietveld refinements 
Mo Kα1 0.075 0.045 0.064 0.079 
Cu Kα1 0.055 0.043 0.064 0.062 
Obtained from single crystal X-ray diffraction 
analysis 
Mo Kα 0.021 0.033 0.051 0.072 
Table III. 6: Local structure information around Pr atoms in the crystal structure of Pr[BS3], obtained from 
the analysis of EXAFS oscillations. Overall amplitude factor S : 0.536; Independent points: 18.76, Number 
of variables in fit: 9, R-factor; 0.021; χ2: 821.73, reduced χ2: 14.28, k-space interval: [3 : 8]; R-space 
interval: [1 : 6]. 
  [a] Distances as expected in the refined crystal structure of Pr[BS3] (single crystal X-ray diffraction data). 
  [b] Distances obtained from the EXAFS fit using the structural model (single crystal X-ray diffraction data). 
 R (Å) [a] R (Å) [b] ΔR (Å) σ2 (10–3 Å2) 
Shell 1 : CN = 9  
Pr – S1 2.966 2.963 0.003 4.1 ± 0.4 
Pr – S1 3.079 3.076 0.003 3.9 ± 0.5 
Pr – S1 3.294 3.290 0.004 4.6 ± 0.8 
Pr – S2 2.872 2.869 0.003 3.6 ± 0.5 
Pr – S2 2.992 2.989 0.003 3.8 ± 0.6 
Pr – S2 3.033 3.030 0.003 3.9 ± 0.4 
Pr – S3 2.902 2.899 0.003 3.7 ± 0.6 
Pr – S3 2.911 2.908 0.003 3.8 ± 0.8 
Pr – S3 2.996 2.993 0.003 4.2 ± 0.6 
Shell 2 : CN = 6  
Pr – – B1 3.239 3.236 0.003 6.1 ± 0.7 
Pr – – B1 3.445 3.442 0.003 6.2 ± 0.5 
Pr – – B1 3.516 3.513 0.003 6.2 ± 0.6 
Pr – – B1 3.981 3.978 0.003 6.3 ± 0.4 
Pr – – B1 4.051 4.048 0.003 6.3 ± 0.7 
Pr – – B1 4.395 4.392 0.003 6.5 ± 0.4 
The detailed analysis of the EXAFS data showed that the best fits are obtained using the 
structural model from the single crystal X-ray diffraction analysis and for the data taken at low 
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temperature (10 K). At this temperature the ambiguity concerning contributions caused by 
dynamic or static disorder affecting the EXAFS signal is minimal. Table III. 6 shows the local 
structure information around Pr atoms in the crystal structure of Pr[BS3], obtained from the 
analysis of EXAFS oscillations (observed at 10 K) using structural model obtained from the 
single crystal X-ray diffraction analysis. 
 
2.4 Crystal chemistry 
 
In the crystal structure of RE[BS3] (RE = La – Nd, Sm, Gd, Tb) (orthorhombic, Pna21,    
Z = 4) the atoms exclusively occupy general positions (Tables A. 6 and A. 7 in the Appendix). 
The sulfur atoms form the vertices of corrugated kagome nets (Figure III. 9). Within these 
nets every second triangle is occupied by boron and the large hexagons are centered by RE 
cations. The layers are stacked along [100] according to the sequence ABAB. The RE cations 
are surrounded by nine sulfur species originating from six neighboring thioborate units and 
forming a heavily distorted tricapped trigonal prism (Figure III. 10). Three of these units act 
as bidentate ligands whereas the remaining three [BS3]
3– groups are in a monodentate 
function.  
 
 
Figure III. 9: Representation of the crystal structure of RE[BS3] viewed along [001] (left) and along 
[010] (right). The Kagome nets formed by sulfur atoms are denoted by black dashed lines. 
Bond lengths and angles within the planar thioborate units are similar to the respective 
values observed in related compounds of alkali and alkaline earth metals [6]. Overall, the 
[BS3]
3– groups in the crystal structures of RE[BS3] are more distorted. This observation was 
confirmed by results of single crystal X-ray diffraction data. Generally, the distortion of the 
thioborate units decreases with decreasing size of the RE element. The thioborate units are 
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surrounded by six RE cations, three from the same kagome net and three from the two 
neighboring nets. This situation reflects the significant difference to the crystal structures of  
λ-Nd[BO3] (Aragonite type) [155] and the isotypic o-Ce[BO3] [129] where the three out-of-
net RE ions contributing to the coordination sphere of the [BO3]
3– units come from one 
neighboring layer only (Figure III. 10). Figure III. 11 shows the coordination environments of 
[BS3]
3– units in RE[BS3] and corresponding [BO3]
3– units in o-Ce[BO3] [129] and λ-Nd[BO3] 
[155]. In addition, the crystal structures of compounds obtained high-pressure conditions in 
oxoborate chemistry are expected to consist of four-fold coordinated boron atoms. However, 
in case of the RE[BS3] compounds, obtained under high-pressure high-temperature 
conditions, three-fold coordination of boron atoms by non-sharing sulfur atoms is exclusively 
observed, leading to isolated [BS3]
3– units.  
 
  
 
Figure III. 10: Coordination environment of RE 
cations in the crystal structures of RE[BS3] (left) and 
the isotypic phases o-Ce[BO3] [129] and λ-Nd[BO3] 
[155] (right). 
 
Figure III. 11: Environment of the [BS3]
3– unit in 
RE[BS3] (left) and of [BO3]
3– in o-Ce[BO3] [129] 
and λ-Nd[BO3] [155] (right). RE cations from the 
same and the neighboring kagome nets are denoted 
with dark and light blue, respectively. 
Table III. 7 shows the interatomic distances (Å) within the coordination polyhedra around 
the RE cations and bond lengths and angles (°) within the [BS3]
3– units in the crystal 
structures of RE[BS3] (RE = La – Nd, Sm, Gd, Tb). The average B–S distance within these 
compounds (exclusively data from polycrystalline samples measured at ambient temperature 
are taken into account) is 1.852 Å, and the variance in S–B–S angles is 16.39°.  
The Pr–S distances range from 2.872(2) Å to 3.294(1) Å (Rietveld refinement [12]: 
2.787(5) Å to 3.390(3) Å). Bond lengths and angles within the trigonal-planar thioborate units 
(B–S distances: 1.800(7) Å, 1.828(6) Å and 1.830(6) Å; S–B–S angles: 116.0(4)°, 120.7(3)° 
and 122.8(3)°) are more closely related to the - soft restrained - values obtained from the 
Rietveld refinements (B–S distances: 1.849(3) Å, 1.851(3) Å and 1.858(3).Å; S–B–S angles: 
111.6(2)°, 118.9(2)° and 126.7(2)°). 
Marija Borna  III Rare earth thioborates 
 
82 
 
The Sm–S distances at ambient temperature, 100 K, and 30 K, respectively, are identical 
within the experimental error. Within the trigonal-planar thioborate units the bond lengths 
generally decrease, with one exception (at 30 K), probably due to the soft restrains used 
during the refinement.  
Although (soft) restrained, the [BS3] groups in RE[BS3] are not strictly planar. The 
distances between the boron site and the plane through the three sulfur sites is in the range 
from 0.0231(11) Å (Tb[BS3]) to 0.1801(14) Å (Pr[BS3]). The refinement of the crystal 
structure of Pr[BS3] using single crystal diffraction data with anisotropic displacement 
parameters for all atom sites and free refined boron site coordinates yielded in significantly 
smaller distances of the boron site and the plane through the three sulfur sites, namely 
0.081(6) Å. 
 
Table III. 7: Interatomic distances (Å) within the coordination polyhedra around RE cations and bond lengths 
and angles (°) within the [BS3]
3– units in the crystal structures of RE[BS3] (RE = La – Nd, Sm, Gd, Tb) at 
ambient temperature, including data from single crystal refinements of Pr[BS3] and refinements from low 
temperature measurements Sm[BS3] (30K and 100 K) using synchrotron radiation (see part III chapter 2.9). 
LaBS3  CeBS3  NdBS3  GdBS3  TbBS3  
 distance  distance  distance  distance  distance 
La1–S3 2.899(3) Ce1–S2 2.835(3) Nd1–S2 2.826(3) Gd1–S3 2.704(4) Tb1–S3 2.783(5) 
La1–S2 2.939(3) Ce1–S3 2.895(3) Nd1–S2 2.890(3) Gd1–S2 2.774(4) Tb1–S3 2.790(5) 
La1–S2 2.958(3) Ce1–S1 2.942(2) Nd1–S3 2.911(4) Gd1–S1 2.861(2) Tb1–S1 2.801(3) 
La1–S3 3.023(3) Ce1–S3 2.943(3) Nd1–S3 2.916(3) Gd1–S1 2.879(4) Tb1–S2 2.845(6) 
La1–S2 3.026(3) Ce1–S3 3.011(2) Nd1–S1 2.935(2) Gd1–S2 2.941(5) Tb1–S1 2.907(2) 
La1–S1 3.026(1) Ce1–S2 3.016(3) Nd1–S1 3.021(2) Gd1–S3 2.951(4) Tb1–S2 2.911(7) 
La1–S3 3.101(3) Ce1–S2 3.115(3) Nd1–S2 3.055(4) Gd1–S3 2.958(4) Tb1–S2 2.991(5) 
La1–S1 3.142(1) Ce1–S1 3.122(2) Nd1–S3 3.070(3) Gd1–S2 3.151(9) Tb1–S3 3.044(7) 
La1–S1 3.271(1) Ce1–S1 3.328(2) Nd1–S1 3.345(2) Gd1–S1 3.520(4) Tb1–S1 3.547(3) 
B1–S2 1.877(5) B1–S2 1.849(2) B1–S2 1.818(6) B1–S2 1.852(2) B1–S2 1.840(6) 
B1–S3 1.884(6) B1–S3 1.852(2) B1–S3 1.861(8) B1–S3 1.853(2) B1–S3 1.840(5) 
B1–S1 1.960(4) B1–S1 1.853(2) B1–S1 1.758(6) B1–S1 1.853(2) B1–S1 1.837(5) 
 angle  angle  angle  angle  angle 
S2–B1–S3 113.2(2) S2–B1–S3 111.88(11) S2–B1–S3 111.0(3) S2–B1–S3 126.7(2) S2–B1–S3 118.8(3) 
S1–B1–S2 125.4(3) S1–B1–S2 118.38(11) S1–B1–S2 126.6(5) S1–B1–S2 118.0(2) S1–B1–S2 120.5(3) 
S1–B1–S3 120.6(2) S1–B1–S3 127.39(10) S1–B1–S3 122.2(4) S1–B1–S3 113.8(1) S1–B1–S3 120.6(3) 
          
PrBS3
*)  PrBS3
**)  SmBS3  SmBS3
***)  SmBS3
****) 
 distance  distance  distance  distance  distance 
Pr1–S2 2.787(5) Pr1–S2 2.8715(16) Sm1–S2 2.812(15) Sm1–S2 2.81(5) Sm1–S2 2.82(5) 
Pr1–S3 2.911(5) Pr1–S3 2.9023(16) Sm1–S3 2.876(15) Sm1–S3 2.85(5) Sm1–S3 2.845(7) 
Pr1–S1 2.919(3) Pr1–S3 2.9110(16) Sm1–S1 2.888(8) Sm1–S1 2.860(5) Sm1–S1 2.871(3) 
Pr1–S3 2.945(4) Pr1–S1 2.9665(10) Sm1–S3 2.894(16) Sm1–S2 2.98(8) Sm1–S3 2.956(8) 
Pr1–S3 2.991(4) Pr1–S2 2.9918(18) Sm1–S3 2.961(19) Sm1–S2 3.00(5) Sm1–S3 2.992(6) 
Pr1–S1 3.043(2) Pr1–S3 2.9965(18) Sm1–S2 2.978(14) Sm1–S3 2.86(5) Sm1–S2 2.86(5) 
Pr1–S2 3.056(5) Pr1–S2 3.0331(16) Sm1–S2 3.003(6) Sm1–S2 2.98(8) Sm1–S2 3.01(8) 
Pr1–S2 3.058(5) Pr1–S1 3.0791(11) Sm1–S1 3.003(19) Sm1–S1 2.993(5) Sm1–S1 2.975(3) 
Pr1–S1 3.390(3) Pr1–S1 3.2936(10) Sm1–S1 3.385(8) Sm1–S1 3.410(5) Sm1–S1 3.405(3) 
B1–S2 1.849(3) B1–S2 1.830(6) B1–S2 1.850(16) B1–S2 1.89(6) B1–S2 1.78(6) 
B1–S3 1.851(3) B1–S3 1.828(6) B1–S3 1.855(19) B1–S3 1.80(3) B1–S3 1.80(2) 
B1–S1 1.858(3) B1–S1 1.800(7) B1–S1 1.848(16) B1–S1 1.76(7) B1–S1 1.83(7) 
 angle  angle  angle  angle  angle 
S2–B1–S3 111.55(19) S2–B1–S3 116.0(4) S2–B1–S3 114.3(9) S2–B1–S3 115.68(4) S2–B1–S3 116.03(8) 
S1–B1–S2 118.90(17) S1–B1–S2 120.7(3) S1–B1–S2 124.4(10) S1–B1–S2 120.28(6) S1–B1–S2 123.08(2) 
S1–B1–S3 126.72(17) S1–B1–S3 122.8(3) S1–B1–S3 121.1(8) S1–B1–S3 123.79(3) S1–B1–S3 120.86(7) 
*) Polycrystalline sample                        **) Single crystal  
***) Data obtained at 100 K                     ***) Data obtained at 30 K 
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2.5 Optical spectroscopy 
 
Infra-Red spectroscopy measurements, as a complementary method to Raman 
spectroscopy, were performed for Gd[BS3]. The IR spectrum of Gd[BS3] is presented in 
Figure III. 12. According to the factor group analysis [258] the number of expected IR active 
modes for Gd[BS3] (space group Pna21, point group symbol ) is 42 (14A1+14B1+14B2).  
Vibrations of the trigonal-planar [BS3]
3– free ion (D3h point symmetry) are described by 
four normal modes: (A ), (A ), (E ), and (E ), out of which only (A ) is not IR 
active. The region between 580 cm–1 and 950 cm–1 in the IR spectra of Gd[BS3] comprises the 
(A ) and (E ) asymmetrical bending and stretching modes of the [BS3]3– units. The small 
Davydov splitting [259] of the vibrational levels for the thioborate groups is due to the 
differences in the B–S distances, along with possible splittings due to different masses of the 
10B and 11B isotopes (natural abundance ~ 20 % : 80 %).  
Figure III. 12: IR spectrum of Gd[BS3] in the region 
from 500 cm–1 to 2000 cm–1 (top left). For 
comparison reasons, the Raman spectrum of this 
compound is also shown. The insets 1 (bottom left) 
and 2 (bottom right) show the (A ) and (E ) 
modes and the (E ) vibrational modes, 
respectively, of the [BS3]
3– units. 
 
  
 
Absorption bands in the range from 1200 cm–1 to 1500 cm–1 are expected in the IR spectra 
of compounds which contain boron three-fold coordinated by sulfur. A strong broad signal 
originating from the (E ) symmetrical banding modes of [BS3]3– units is observed in this 
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region. The vibrational bands in the region lower than 500 cm–1 correspond to the libratory 
and translatory lattice modes of the unit cell, which also include stretching (ν(Gd–S) and 
bending modes (δ(S–Gd–S), denoting the vibrations within the GdS8(9) polyhedra as well as 
vibrations among them.  
B–N stretching (1375 cm–1) and B–N–B bending (805 cm–1) vibrations of hBN, which 
was used as the crucible material, are also observed in the IR spectrum of Gd[BS3]. hBN 
shows only one mode in the Raman spectrum (~ 1370 cm–1), which is observed as a weak 
signal in the Raman spectrum of Gd[BS3] (Figure III. 12). 
In the upper range of the spectra (2000 cm–1 to 4000 cm–1) no vibrational O–H bands 
were observed.  
Raman spectroscopy measurements were performed for RE[BS3] with RE = Pr, Nd, Sm, 
Gd and Tb, and the spectra are presented in the Figure III. 13. The resulting Raman spectra do 
not show big differences when compared to each other. In general, the Raman shift increases 
with decreasing ionic radius (increasing atomic number) for any series of rare earth ions 
within the same structure type. This trend is also observed for the RE[BS3] series. The relation 
between Raman shift, cation radius and molar mass for the RE[BS3] series is shown in Figure 
III. 14. 
 
Figure III. 13: Raman spectra of RE[BS3] with RE = Pr, Nd, Sm, Gd, and Tb (left) and of Pr[BS3] in 
comparison with ν-B2S3 [260], c-Na3[BS3] [260] and Ba7[BS3]4S [182] (right). 
 
A factor group analysis, allows to calculate the number of expected Raman active modes 
for RE[BS3], by knowing the space group (Pna21, point group symbol ) and the point 
symmetry of the atoms in the unit cell [258]. In this case the number of Raman active modes 
is 57 (14A1+15A2+14B1+14B2). However, the total number of lines observed in the wave 
number range from 40 cm–1 to 1000 cm–1, is only about one-half of the predicted number 
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(possibly due to overlapping effects, weak and/or broad lines). Raman spectra of these 
compounds show a relatively sparse pattern of bands. There are a few intense lines together 
with a larger number of weak ones. 
The Raman modes observed in the range from ~ 80 cm–1 to ~ 350 cm–1 are comparable to 
the Raman spectra of α RE sesquisulfides [261]. This region comprises modes which describe 
the vibrations within the RES8(9) polyhedra as well as the vibrations among them, such as 
stretching (ν(RE–S); 200 cm–1 – 280 cm–1) and bending modes (δ(S–RE–S); 80 cm–1 –        
160 cm–1, and δ((RE–S–RE); 160 cm–1 – 200 cm–1), next to the low-frequency bond bending 
modes (L(BS3); 300 cm
–1 – 350 cm–1). The three modes with high Raman shift, which are 
likely RE–S stretching modes, vary in a nearly same fashion with rare earth ionic radii (Figure 
III. 14). The slopes of the three lines are similar. The Raman shift decreases with increasing 
ionic radius, thus giving longer bonds and smaller force constants, but increases with 
increasing atomic weight of the rare earth ion because of the lanthanide contraction. 
Figure III. 14: Raman shift vs. cation radii [172] (left) and vs. molar masses (right) for RE[BS3] with      
RE = Pr, Nd, Sm, Gd and Tb. The selected modes originate from RE–S vibrations. 
The trigonal-planar [BS3]
3– free ion has D3h point symmetry. Its vibrations are described 
by four normal modes: (A ), (A ), (E ), and (E ). Weak absorption bands in the 
Raman spectra around 850 cm–1 can be assigned to the E  asymmetrical stretching modes of 
the [BS3]
3– units with point symmetry group D3h. The strong absorption bands around         
450 cm–1 in the Raman spectra are assigned to the A  symmetrical stretching modes of the 
[BS3]
3– units. These two absorption bands are also observed in the Raman spectrum of 
Na3[BS3] [260] (Figure III. 13). The small Davydov splitting [259] of the vibrational levels for 
the thioborate groups is due to differences in the B–S distances in [BS3]
3–, along with possible 
splittings due to the different masses of the 10B and 11B isotopes (natural abundance                
~ 20 % : 80 %). Similar observations were made in case of Ba7[BS3]4S (isolated           
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trigonal-planar [BS3]
3– anions, additional S2– anions, and eight- and nine-fold coordinated 
Ba2+ ions in a monoclinic unit cell with space group C2/c), where the vibrational modes of the 
isolated [BS3]
3– structural units are observable in both Raman scattering and IR absorption 
spectra (except for the A ) of polycrystalline samples of the barium thioborate sulfide [182]. 
 
2.6 Thermal analysis 
 
The thermal stability of the orthothioborates was investigated by means of thermal 
analyses, which were performed for Pr[BS3], Nd[BS3], and Gd[BS3].  
Figure III. 15 shows the plots of mass loss vs. temperature for the decomposition 
reactions of Pr[BS3] and Nd[BS3]. The mass loss of ~ 20 %, for Pr[BS3] and Nd[BS3] with the 
midpoints at ~ 1240 K and ~ 1235 K, respectively, is assigned to the “sublimation” of B2S3 
(Figure III. 16) (The TGA of B2S3, is characterized by one exothermic effect with the 
midpoint at ~ 1175 K and nearly 100 % mass loss). The remaining products after the 
decomposition reactions were γ-Pr2S3 and γ-Nd2S3, respectively. 
On the other hand, the decomposition of Gd[BS3] takes place via three stages, with 
midpoints of ~ 700 K, ~ 1200 K and ~ 1600 K (Figure III. 16). The reason for the first and the 
third stage is not clear, while the second stage is comparable with the “sublimation” of B2S3. 
While the mass loss during decomposition of Pr[BS3] and Nd[BS3] is ~ 20 % (calculated 
value: ~ 24 % for Pr[BS3] and ~ 23.5 % for Nd[BS3]) , in case of Gd[BS3] it is significantly 
higher, due to the certain amounts of a secondary phase (assumed to be B2S3) present in the 
sample (see part III chapters 2.1 and 2.7). 
 
  
 
Figure III. 15: TGA plots of Pr[BS3] and 
Nd[BS3]. Tmax = 1773 K; heating rate 10 K/min; 
cooling rate 20 K/min. 
 
Figure III. 16: TGA plot of Gd[BS3] in 
comparison with TGA plot of B2S3. Tmax = 1773 K; 
heating rate 10 K/min; cooling rate 20 K/min. 
Marija Borna  III Rare earth thioborates 
87 
 
As observed for the Pr and Nd analogues, after having lost B2S3, Gd2S3 remained after 
thermal decomposition of Gd[BS3]. Gd2S3 is known to occur in three different 
crystallographic modifications, one of them being a high-pressure metastable phase (U2S3 
structure type, Pnma [19]). The α and γ phases are stable at the ambient pressure (Gd2S3 
structure type, Pnma [19] and Th3P4 structure type, I43d [19], respectively). The powder      
X-ray diffraction pattern obtained after TGA of Gd[BS3] didn’t match neither of the known 
Gd2S3 phases, nor any of other known binary gadolinium sulfides. X-ray reflections 
originating from hBN and traces of γ-Gd2S3 were identified (hBN originates from the crucible 
material used for synthesis of Gd[BS3]). The remaining X-ray pattern was indexed in the 
trigonal P3m space group with Z = 1. The values of the lattice parameters are as follows         
a = 3.8537(1) Å, c = 6.6678(8) Å, and the unit cell volume is 85.76(3) Å³. It was found that 
this new modification (M or μ) of Gd2S3 adopts the A-La2O3 structure type [262], which, in 
fact, is very common for RE sesquioxides (RE = La – Nd). This, however, is the first RE 
sulfide found to crystallize in this type. 
Table III. 8: Fractional atomic positions and isotropic displacement parameters of μ-Gd2S3. 
Atom Site x y z UISO (Å
2) 
Gd1 2d 1/3 2/3 0.28077(15) 0.00381(13) 
S1 2d 1/3 2/3 0.6164(15) 0.00956(10) 
S2 1a 0 0 0 0.00137(14) 
 
 
 
Figure III. 17: Comparison of the observed and 
calculated powder X-ray diffraction patterns of μ-Gd2S3. 
Additional reflections which neither belong to the  
μ-Gd2S3 nor to hBN phase originate from γ-Gd2S3 [19]. 
Due to the very small amount of this phase in the 
sample, γ-Gd2S3 was not included in the refinement. 
Figure III. 18:  Representation of the 
crystal structure of μ-Gd2S3. 
The crystal structure of the new Gd2S3 was refined by Rietveld refinement methods [231] 
using the GSAS software package [232, 233]. All the atoms were refined isotropically. 
Marija Borna  III Rare earth thioborates 
 
88 
 
Fractional atomic positions are shown in Table III. 8. Information concerning the refinement 
are given in the Appendix (Table A. 8). Figure III. 17 shows the calculated and observed 
powder X-ray diffraction patterns of μ-Gd2S3. Figure III. 18 represents the crystal structure, 
together with the coordination polyhedra around Gd atoms (monocapped trigonal prism) 
formed by 7 non-sharing sulfur atoms. 
 
2.7 Magnetic susceptibility 
 
The magnetic susceptibility measurements were performed for RE[BS3] with RE = Sm, 
Gd and Tb. 
Both, Gd[BS3] and Tb[BS3], show the Curie-Weiss behavior at temperatures from 100 K 
to 400 K and from 100 K to 350 K, respectively, (Figure III. 19). The values of the effective 
magnetic moments and Weiss temperatures were obtained from the least-square fit of the 
respective measurement data (χmol (10
6 · m3/mol) vs. T (K); H = 1 T) by use of the Curie-
Weiss [263] function 	 	
	
, where C stands for the Curie constant and θp for the 
Weiss temperature. The values of the effective magnetic moments (μeff) were obtained from 
	 ~	8	 ∙ , where  in given in units 	∙ . In this case the number 8 is derived from 
	∙	
, where NA is the Avogadro’s number, μB is the Bohr magneton and kB is the 
Boltzman constant.  
The μeff for Gd[BS3] was found to be 7.32 μB with the Weiss temperature θp = – 4.2 K, 
and is well below the expected μfree = 7.94 μB for Gd
3+. This observation indicates that the 
sample contains additional non-magnetic phases of ~ 15 wt-%. The Gd moments order 
antiferromagnetically at a Neél temperature of TN = 4.3(1) K. For the isothermal 
magnetization at low temperatures (T = 1.8 K) one would expect a saturation value of 7 μB
*) 
but only 5.59 μB are reached, again indicating the presence of non-magnetic impurity phases. 
Due to the excess of boron and sulfur in the starting mixture for preparation of Gd[BS3], the 
byproduct of the reaction is amorphous B2S3. Additionally, in the samples traces of the 
crucible material, namely hBN, were found. No other crystalline phases were observed next to 
the Gd[BS3].  
 
*) The saturation magnetization (MS) can be obtained from the equation	 ∙ μ ∙ , where 	 | |, as 
the 4f orbital of Gd3+ is exactly half filled.  (Landé -value) is approximated to value of 2, yet the actual value 
of 1.92857 can be obtained from  	 	 	
∙ ∙
, where S stands for spin, L for angular moment and J 
for total angular moment. For Gd3+ 	 	 7 2⁄  and 0.  
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μeff for Tb[BS3] is found to be 9.70 μB with the Weiss temperature θp = 16.5 K. At lower 
temperatures typical deviations due to crystal field splittings of the multiplet are observed. 
The expected μeff for Tb
3+ is 9.721 μB, indicating the absence or very small amounts of 
secondary phases in this sample. Antiferromagentic ordering at the Neél temperature            
TN = 6.0(1) K is observed, showing a weak ferromagnetic component (indicated by the rise in 
the low-field measurements below TN, Figure III. 19).  
 
  
 
 
Figure III. 19: Magnetic susceptibility and inverse magnetic susceptibility vs. temperature, and isothermal 
magnetisation at T = 1.8 K for Gd[BS3] (left) and Tb[BS3] (right). 
Marija Borna  III Rare earth thioborates 
 
90 
 
The isotherm at 1.8 K shows a very broad metamagnetic transition between 0.8 T and   
2.2 T. The magnetization at 7 T is 6.6 μB and is still increasing. For saturation 9 μB
**) are 
expected. 
 **) The saturation magnetization (MS) is obtained from the equation	 ∙ μ ∙ , where 	 | |, as 
the 4f orbital of Tb3+ is more than half filled.  (Landé -value) is than	3 2⁄ , from  	 	 	
	∙	 	∙	
. 
For Tb3+, S = 3 and L = 3. 
 
In the compound Sm[BS3] Sm is in a trivalent state at temperatures below 50 K. The 
susceptibility approximately follows the Van-Vleck theory [267] for Sm3+. Between 50 K and 
62 K there is a transition independent of the magnetic field, and the magnetic susceptibility 
becomes lower (Figure III. 20). This might indicate a discontinuous valence transition to a 
valence state lower than 3, or indicates the presence of an impurity phase. Above 62 K the 
susceptibility is still of Van-Vleck type. Isothermal magnetization does not saturate and 
reaches only 0.134 μB at 7 T. 
 
Figure III. 20: Magnetic susceptibility, inverse magnetic susceptibility vs. temperature, and isothermal 
magnetisation at T = 1.8 K for Sm[BS3]. The field indipendant transition is indicated by an arrow in the 
inset of the bottom graph. 
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2.8 X-ray absorption spectroscopy: XANES data analysis for Sm[BS3] 
 
The magnetic measurement data of Sm[BS3] possibly indicated a discontinuous valence 
transition of Sm to a valence lower than 3, in the temperature region between 50 K and 62 K. 
Therefore, XANES data of Sm[BS3] were collected at different temperatures. The reference 
material used was Sm2O3. The results (shown in the Figure III. 21) showed that there is no Sm 
valence transition in this compound at the selected temperatures of 10 K, 40 K, 50 K, 60 K, 
70 K, and 283 K. Therefore, the origin of the magnetic field independent transition between 
50 K and 62 K is still unknown. 
Figure III. 21: X-ray absorption spectra 
of Sm[BS3] (energy range close to Sm LIII 
absorption edge) with Sm2O3 as reference 
material at different temperatures. 
 
2.9 Crystal structure investigation at low temperature using synchrotron radiation 
 
In order to probe for structural changes of Sm[BS3] at low temperatures crystal structure 
investigations using synchrotron radiation were performed. This included collection of low 
temperature powder X-ray diffraction data at the European radiation synchrotron facility in 
Grenoble, France. Several short scans during cooling (the specified temperatures of 30 K,    
39 K, 84 K, 184 K and 226 K are just an estimate) and long scans at 30 K and 100 K were 
collected. The longer scans also show better statistics at higher angles, because these scans 
were done in a wider angular range and they were collected after the re-alignment of the 
cryostat. The short cooling scans were measured without alignment; hence the differences in 
intensities are likely an instrumental error, as can be seen by comparison of the short and long 
scans at 30 K (Figure III. 22). Unfortunately, no data collection was performed in the 
temperature region from 50 K to 62 K. 
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Figure III. 22: Comparison of the 
powder X-ray diffraction patterns of 
Sm[BS3] obtained at 30 K showing the 
differences in intensities. The gray line 
denotes measurement without re-
alignment of the cryostat while the pink 
line denotes measurement after the 
alignment. 
Data from long scans at 30 K and 100 K were used for Rietveld refinements, while the 
short scan data could be used for determination of the lattice parameters only (Le Bail fitting 
[229]). Figure III. 23 represents the comparison of observed and calculated powder diffraction 
patterns of Sm[BS3] obtained at 30K. All the patterns show several notable impurity 
reflections, mostly originating from hBN which was used as a crucible material. It is known 
that hexagonal boron nitride shows anisotropic thermal expansion [264]. The lattice 
parameters of hBN obtained from the refinements are in agreement with published data 
obtained from low temperature investigations [264].  
 
Figure III. 23: Comparison of the observed (30 K) 
and calculated (Rietveld refinements) powder    
X-ray diffraction patterns of Sm[BS3]. 
Lattice parameters of Sm[BS3] obtained from the Le Bail fits of measurements performed 
at different temperatures are shown in Table III. 9. Lattice parameters decrease with 
decreasing temperature (Figures III. 24 and III. 25).  
The data obtained from low temperature experiments were sufficient to estimate eventual 
structural changes of Sm[BS3] at low temperatures. By comparing the powder X-ray 
diffraction pattern measured at ambient temperature with the one observed at 30 K (Figure   
III. 26) no additional or missing reflexes were observed. 
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Table III. 9: Lattice parameters and unit cell volumes of Sm[BS3] at different temperatures. 
T (K) 30 39 84 100 184 226 
a (Å) 7.35272(2) 7.35262(2) 7.35187(2) 7.35253(1) 7.35747(2) 7.36127(4) 
b (Å) 6.01241(2) 6.01261(1) 6.01619(1) 6.01756(1) 6.02208(2) 6.02411(3) 
c (Å) 8.78107(2) 8.78132(2) 8.78379(2) 8.78510(2) 8.79232(3) 8.79723(5) 
V (Å³) 388.190(1) 388.208(2) 388.509(2) 388.690(1) 389.564(2) 390.114(4) 
 
Figure III. 24: Unit cell volumes (V) of 
Sm[BS3] vs. temperature and respective 
linear fit for data collected in the range     
84 K – 226 K. Data obtained at 30 K and   
39 K were excluded for the linear fit. 
 
Figure III. 25: Lattice parameters of Sm[BS3] 
vs. temperature and respective linear fits for 
data collected in the range 84 K – 226 K. The 
data obtained at 30 K and 39 K were excluded 
for the linear fit. 
A total of 6 subgroups can be derived from space group Pna21 (International Tables for 
Crystallography [265]). These are three translationengleiche, and three klassengleiche-IIc 
(isomorphic, enlarged unit cell) subgroups. Figure III. 27 shows the positions of additional 
peaks in the 1/d region from 0.1 1/Å to 0.25 1/Å in case of structural transformation of 
Sm[BS3] to the above mentioned subgroups. 
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Figure III. 26: Comparison of the
observed powder X-ray diffraction
patterns at 298 K and 30 K of
Sm[BS3]. 
 
 
 
(a) 
 
 
(b) 
  
Figure III. 27: Observed powder X-ray diffraction patterns of Sm[BS3] at 30 K and 100 K and calculated 
peak positions in the 1/d region from 0.10 1/Å to 0.25 1/Å (top) and  from 0.10 1/Å to 0.19 1/Å (bottom) for 
(a) translationengleiche subgroups-I, (b) isomorphic subgroups-IIc. 
The analysis of the collected diffraction patterns revealed that there are no pronounced 
differences among them, meaning that structure transformations do not occur.  
From the linear fit of the lattice parameters vs. temperature, the relative linear thermal-
expansion coefficient can be estimated as , ,  = B , , 	 	⁄  and  = B 	 	⁄ , 
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where B is the slope obtained from the linear fit and 	 	  is calculated as A B ∙ ,   
x = 298 K, for all lattice parameters and cell volumes. The estimated relative linear thermal-
expansion coefficients are shown in Table III. 10. 
 
Table III. 10: The values of the y-intercepts (A) and slopes (B) obtained from the linear fits of the 
dependence of lattice parameters vs. temperature for Sm[BS3] and the estimated relative linear thermal-
expansion coefficients. 
 y-Intercept (A) standard error (A) Slope (B) standard error (B) αa,b,c / βV [K
–1 · 10–5] 
a 7.3461 5.19 · 10–4 6.52 · 10–5 2.65 · 10–6 0.886 
b 6.0117 5.62 · 10–5 5.62 · 10–5 3.35 · 10–6 0.932 
c 8.77616 4.09 · 10–4 8.98 · 10–5 3.29 · 10–6 1.02 
V 387.6098 3.29 · 10–2 1.08 · 10–2 2.68 · 10–4 2.76 
The corrugation of the layers stacked along [001] with the sequence ABAB in the crystal 
structure of RE[BS3] (Figure III. 9, page 80), which may be the reason for the estimated 
relative linear thermal-expansion coefficients to be the highest along [001].  
 
2.10 Summary 
 
The syntheses of the series of isotypic RE3+ orthothioborates, RE[BS3], RE = La – Nd, 
Sm, Gd, and Tb were successful after development and optimization of various preparation 
routes. Besides the more conventional high-temperature route, metathesis reactions as well as 
high-pressure high-temperature reactions appear to be promising routes for the preparation of 
rare earth orthothioborates. Metathesis reactions have an advantage that the same products as 
the ones from the high-temperature route reactions can be obtained at lower temperatures and 
within shorter times. Unfortunately, respective compounds containing the heavier rare earth 
elements could not be obtained by this method. 
Europium orthothioborate could not be obtained by any of the mentioned preparation 
routes. Although trivalent in ~ 70 % of its compounds, europium readily forms divalent 
compounds, like in EuB2S4 [2]. The +2 state has an electronic configuration 4f
 7, half-filled f 
shell leading to a higher stability. In terms of size and coordination number, europium(II) and 
strontium(II) are similar. By this, it is not surprising that Eu2B2S4 adopts the SrB2S4 structure 
type [188]. Divalent europium is a mild reducing agent, being oxidized in air to form Eu(III) 
compounds. Under anaerobic conditions, however, the divalent form is sufficiently stable.  
For the isotypic RE[BS3] compounds the crystal structure was solved and refined from  
X-ray powder diffraction data, and was later confirmed by single crystal X-ray analysis of 
Pr[BS3] (orthorhombic, Pna21, Z = 4) and by analysis of the EXAFS data of Pr[BS3]. Due to 
the powder data limitations the boron atoms could not be refined freely in the Rietveld 
Marija Borna  III Rare earth thioborates 
 
96 
 
refinements. Furthermore, all displacements parameters had to be treated isotropically and the 
absolute structure could not be determined. However, using single crystal diffraction data of 
Pr[BS3] the displacement parameters for all atom sites could be refined anisotropically and the 
boron site coordinates could be refined without restrains. As expected, the results of the 
Rietveld refinements were qualitatively and quantitatively confirmed. 
In the crystal structure of RE[BS3] (ABAB stacking of layers along [001]), the sulfur 
atoms form the vertices of corrugated kagome nets, within which every second triangle is 
occupied by boron and the large hexagons are centered by RE cations. The structural features 
of the isotypic phases show close relations to those of oxoborates RE[BO3] and 
orthothioborates of alkali and alkaline earth metals, yet pronounced differences are also 
observed. Although bond lengths and angles within the planar thioborate units are similar to 
the respective values observed in related compounds of alkali and alkaline earth metals [6], 
the [BS3]
3– groups in the crystal structures of RE[BS3] are more distorted. The distortion of 
the thioborate units decreases with decreasing size of the RE element. The thioborate units in 
the crystal structures of RE[BS3] are surrounded by six RE cations, three from the same 
kagome net and three from the two neighboring nets. This situation reflects the significant 
difference to the crystal structures of λ-Nd[BO3] (Aragonite type) [155] and the isotypic        
o-Ce[BO3] [129] where the three out-of-net RE ions contributing to the coordination sphere of 
the [BO3]
3– units come from one neighboring layer only.  
IR and Raman spectroscopic data are in agreement with the presence of [BS3]
3– complex 
ions in the crystal structure of the isotypic RE[BS3], RE = La – Nd, Sm, Gd, and Tb.  
Thermal analyses of RE[BS3] showed that these compounds are stable under inert 
conditions up to ~ 1200 K, when the decomposition reactions to RE2S3 and B2S3 take place. 
During investigations of the thermal stability of Gd[BS3], a new modification of Gd2S3, 
isotypic to A-La2O3, was obtained (trigonal, P3m, Z = 1).  
Analyses of the magnetic measurements data for Sm, Gd and Tb thioborate showed that 
both Gd and Tb thioborates order antiferromagnetically at Neél temperatures of 4.3(1) K and 
6.0(1) K, respectively. The magnetic susceptibility of Sm orthothioborate approximately 
follows the Van-Vleck theory [263] for Sm3+. Between 50 K and 62 K a transition 
independent of the magnetic field is observed, and the magnetic susceptibility becomes lower, 
which might indicate a discontinuous valence transition. This was further investigated by 
means of XANES and powder X-ray diffraction using synchrotron radiation. From these data 
it became clear that the valence of Sm doesn’t change and that there are no pronounced 
structural changes at low temperatures. 
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3. Gd[BS3] : Ce, Eu, Tb 
 
3.1 Syntheses and phase analyses 
 
In order to investigate fluorescent and luminescent properties of gadolinium thioborate, 
we had interest in preparing Gd[BS3] samples doped with Ce, Eu, and Tb. As Gd[BS3]      
(part III chapter 2.1) can be obtained only at extreme (Hp – HT) conditions, we have chosen 
the same preparation route for syntheses of Gd[BS3]: Ce, Eu or Tb. Hp – HT conditions were 
chosen based on the investigations in the RE–B–S systems and they were applied to several 
starting mixtures of the elements with different nominal compositions (Table III. 11). Also, 
starting mixtures without the presence of the doping element were used. All the reaction 
products obtained by these experiments were polycrystalline materials. 
Table III. 11: Compositions of the starting mixtures of the elements used for Hp – HT reactions together with 
experimental parameters and reaction products in the Gd–B–S system doped with Ce, Eu or Tb. 
Exp
no. 
Chemical compositions               
of the                             
starting mixtures 
Experimental 
conditions 
Reaction products               
(powder X-ray diffraction) 
p (GPa) T (K) t (h) 
1. “Gd96Ce4B100S300” (amorphous boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
2. “Gd96Eu4B100S300” (amorphous boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
3. “Gd96Tb4B100S300” (amorphous boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
4. “Gd96Tb4B300S600” (amorphous boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
5. “Gd96Tb4B300S600” (crystalline boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
6. “Gd96Tb4B300S600” (crystalline boron) 5 1673 5 Gd9B5S21 
7. “GdB3S6”  (crystalline boron) 4.5 1373 5 GdS1.82 [57] + unidentified phase 
8. “GdB3S6” (amorphous boron) 4.5 1373 5 Gd[BS3] 
9. “GdB3S6” (crystalline boron) 5 1673 5 Gd9B5S21 
10. “GdB3S6” (amorphous boron) 5 1673 5 No identified phase 
 
It was not possible to obtain the desired products Gd[BS3]: Ce, Eu or Tb under the given 
conditions. The reason for the unsuccessful synthesis of cerium or europium doped Gd[BS3] 
is assumed to be aroused by the use of Ce and Eu chunks in the starting mixtures. Namely, the 
diffusion through the mixture and formation of Gd[BS3]: Ce or Eu couldn’t take place under 
the applied experimental conditions. The reason for unsuccessful synthesis of Gd[BS3] : Tb is 
not clear. In 6 of 10 experiments the gadolinium sulfide GdS1.82 [57] was obtained next to at 
least two phases with unknown crystal structures. The major phase can be indexed in the 
primitive tetragonal crystal system with the lattice parameters: a = b = 16.0959(12) Å,            
c = 5.3734(5) Å. Efforts to solve this new structure remained hitherto unsuccessful. 
The experiments were performed by use of similar reaction conditions such as the 
nominal compositions of the starting mixtures, the use of amorphous or crystalline boron, and 
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the Hp –HT conditions applied. The reaction products obtained under these conditions also 
show some similarities. For example, application of the same Hp – HT conditions to quite 
different starting mixtures yielded always GdS1.82 [57] next to phases with unknown crystal 
structures showing some similarities too. A graphical representation of these observations is 
shown in Figure III. 28, where the powder X-ray diffraction patterns of the reaction products 
from experiments 1, 2, 3, 4 and 7 (as listed in the Table III. 11, page 97) and the calculated 
diffraction pattern of GdS1.82 [57] are compared. 
 
Figure III. 28: Comparison of powder X-ray diffraction patterns of the reaction products from the 
experiments 1, 2, 3, 4 and 7, (as listed in the Table III. 11, page 97) with the calculated diffraction 
pattern of GdS1.82 [57]. 
On the other hand, the use of the crystalline boron instead of amorphous material in the 
starting mixtures seems to influence big changes in the reactions, and in the reaction products. 
For example, experiments 4 and 5, 7 and 8, and 9 and 10 (Table III. 11, page 97) differ only in 
use of amorphous or crystalline boron in starting mixtures of same nominal compositions. By 
applying the same Hp – HT conditions to the corresponding starting mixtures, several 
different products were obtained, as can be seen in Figures III. 29 – III. 31. The most 
interesting reaction product was obtained in experiment 9 (Table III. 11, page 97), where the 
new gadolinium thioborate sulfide Gd9B5S21, isotypic to RE9B5S21, RE = Tb – Lu, and Y    
[16] was formed. The crystal structure of the major phase in the reaction product of the 
corresponding experiment with amorphous boron (experiment 10, Table III. 11, page 97) is 
unknown until today (Figure III. 31). 
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Figure III. 29: Comparison of the 
powder X-ray diffraction patterns of 
the reaction products obtained in 
experiments 4 and 5 (as listed in the 
Table III. 11, page 97) with the 
calculated diffraction pattern of 
GdS1.82 [57]. 
 
 
Figure III. 30: Comparison of the 
powder X-ray diffraction patterns of 
the reaction products obtained in 
experiments 7 and 8 (as listed in the 
Table III. 11, page 97) with the 
calculated diffraction patterns of 
GdS1.82 [57] and Gd[BS3]. 
Figure III. 31: Comparison of the 
powder X-ray diffraction patterns of 
the reaction products obtained in 
experiments 9 and 10 (as listed in 
the Table III. 11, page 97) with the 
calculated diffraction patterns of 
Gd9B5S21. 
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Figure III. 32: Comparison of the 
powder X-ray diffraction patterns of 
the reaction products obtained in 
experiments 5 and 6, (as listed in the 
Table III. 11, page 97) with the 
calculated diffraction patterns of 
Gd9B5S21 and GdS1.82 [57]. 
Another interesting result in this system became clear by comparison of the reaction 
products from experiments 5 and 6 (Table III. 11, page 97). Two different sets of 
experimental conditions, 1373 K at 4.5 GPa and 1673 K at 5 GPa, were applied to the same 
starting mixture, yielding different reaction products.  Application of slightly higher pressure 
and much higher temperatures led to Gd9B5S21, whereas the lower pressure and lower 
temperature led to reaction product, containing GdS1.82 [57] and a phase with unknown crystal 
structure (Figure III. 32). 
The novel gadolinium thioborate sulfide Gd9B5S21 can be obtained by application of 
slightly higher pressure and significantly higher temperature, namely 5 GPa and 1673 K, to 
starting mixtures with nominal compositions “Gd96Tb4B300S600” and “GdB3S6”, by use of 
crystalline boron. However, the crystallinity of the reaction product obtained from 
“Gd96Tb4B300S600” is significantly higher (Figure III. 33). The crystal structure of Gd9B5S21 is 
isotypic to RE9B5S21, with RE = Tb – Lu, and Y (hexagonal, P63) and will be discussed in the 
following chapters.  
Figure III. 33: Comparison of the 
powder X-ray diffraction patterns of 
the reaction products obtained in 
experiments 6 and 9, (as listed in the 
Table III. 11, page 97) with the 
calculated diffraction patterns of 
Gd9B5S21. 
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Gadolinium and terbium are the only two rare earth metals that are known to form both, 
the orthorhombic (RE[BS3]) and the hexagonal (RE9B5S21) thioborates. In the ternary system 
RE–B–S, both rare earth thioborate compounds (1 and 2) lie on the compositional section 
RE2S3 (3) – B2S3 (4) (Figure III. 34).  
 
Figure III. 34: The ternary system RE–B–S. 
 
3.2 Crystal structure determinations 
 
Lattice parameters determinations 
The lattice parameters of Gd9B5S21 were determined at ambient temperature from powder 
X-ray diffraction experiments. It was found that Gd9B5S21 crystallizes as an isotype of 
RE9B5S21, RE = Tb – Lu, and Y [16], hexagonal, space group P63 (No.: 173), Z = 2/3. The 
values of the lattice parameters are: a = b = 9.5457(11) Å, c = 5.8409(6) Å with                  
V = 460.93(6) Å³.  
Figure III. 35: X-ray powder 
diffraction patterns (observed and 
calculated (Rietveld refinements)) 
of Gd9B5S21. 
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Crystal structure refinements 
The crystal structure of Gd9B5S21 was refined from X-ray powder diffraction data by 
application of the Rietveld refinement method [231] (Table III. 12 and Figure III. 35). To 
describe the peak shapes for the refinements the Thompson-Cox-Hastings pseudo-Voigt 
convoluted with axial divergence asymmetry function [254] with the microstrain broadening 
description of P. Stephens [266] was used. The position of the three-fold coordinated boron 
atom was restrained near the barycenter of the sulfur atoms of the [BS3]
3– units by restraining 
the distances between boron and sulfur atoms to be 1.85(10) Å and by constraining the          
z-coordinates of these atoms to be equal. Bond distances between sulfur atoms and boron in 
tetrahedral coordination were restrained to be 1.90(5) Å. The isotropic displacement 
parameters of the sulfur atoms were constrained to be equal and the corresponding parameter 
of the boron sites was constrained to be 1.5 times that of the attached sulfur atoms. 
Table III. 12: Crystallographic data, details on powder X-ray diffraction data collection and structure 
refinements for Gd9B5S21. The refinements were performed on reaction products obtained from experiments 6 
and 9, as listed in the Table III. 11, page 97. 
 
Polycrystalline sample obtained 
from the starting mixture with 
nominal chemical composition 
“Gd96Tb4B300S600”         
(experiment 6, Table III. 11) 
Polycrystalline sample obtained 
from the starting mixture with 
nominal chemical composition 
“GdB3S6”                            
(experiment 9, Table III. 11) 
Chemical formula Gd9B5S21 Gd9B5S21 
Color light pink-brown light pink 
Crystal system hexagonal hexagonal 
Space group P63 P63 
Temperature (K) 298 298 
Z 2/3 2/3 
Radiation, λ (Å) Co Kα1, 1.788965 Co Kα1, 1.788965 
Diffractometer, scan mode Huber G670 Huber G670 
Formula mass (g·mol–1) 2142.67 2142.67 
a (Å) 9.5423(6) 9.5457(11) 
b (Å) 9.5423(6) 9.5457(11) 
c (Å) 5.8514(5) 5.8409(6) 
V (Å³) 461.42(7) 460.93(6) 
ρcalc (g·cm
3) 5.14 5.13 
Absorption coefficient μ (mm–1) 73.56 73.65 
2θ range (°) 15 – 100 20 – 100 
Weighted profile R-factor Rwp 0.011 0.012 
Profile R-factor Rp 0.008 0.008 
Structure R-factor RF 0.279 0.157 
Expected R-factor Rexp 0.017 0.019 
hkl-range 
0 ≤ h ≥ 6 
0 ≤ k ≥ 7 
0 ≤ l ≥ 5 
0 ≤ h ≥ 6 
0 ≤ k ≥ 7 
0 ≤ l ≥ 5 
Total number of reflections /  
Number of restrains 
109 / 3 57 / 4 
GoF 0.66 0.63 
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3.3 Crystal chemistry 
 
Gd9B5S21 crystallizes in hexagonal space group P63 with the aristotype structure 
Ce6Al3.33S14 [17], as also found for the other compounds from the RE9B5S21 series [16]. The 
boron atoms occupy two sites (2b and 2a) with tetrahedral and trigonal-planar coordination by 
sulfur, respectively (Table A. 9 in the Appendix).  
Isolated [BS4]
5– tetrahedra (all pointing in the [001] direction), observed for the first time 
in the RE9B5S21 series [16], are present in Gd9B5S21 as well. These tetrahedra are stacked 
along the three-fold rotation axes. B1–S2 bond lengths are 1.935(6) Å, and B1–S3 are 
1.957(13) Å. These values are in agreement with B–S bond lengths found in other compounds 
from the RE9B5S21 series [16] and with other thioborates with four-fold coordinated boron: 
1.61(1) Å – 2.06(1) Å; mean value 1.93(4) Å [1]. The S–B1–S angles are close to the ideal 
tetrahedral value with values of 105.3(4)o and 113.4(3)o for S2–B1–S2 and S2–B1–S3, 
respectively. As in the other compounds of rare earth thioborate sulfide series, the [BS4]
5– 
tetrahedra are slightly trigonally elongated (S2–S2 and S2–S3 interatomic distances within 
these tetrahedra are 3.077 Å and 3.253 Å, respectively).  
The B2–S1 distances found in the [BS3]
3– triangles which propagate along the 63 axis 
with alternating orientation (1.820(4) Å) are in agreement with the B–S bond lengths in other 
thioborates with three-fold coordinated boron: 1.74(1) Å – 1.96(1) Å; mean value 1.82(4) Å 
[1]. Each sulfur atom coordinates to three Gd cations. Altogether, the sulfur positions of the 
[BS3]
3– units as well as those of the [BS4]
5– tetrahedra forming the triangle faces parallel (001) 
adopt the coordination pattern of the oxygen atoms in the crystal structure of λ-Nd[BO3] [155] 
(see also part III chapter 2.4, Figure III. 11, page 81). On the other hand, the sulfur atom 
located on the three-fold axis rather acts as a monodentate ligand towards the three 
neighboring RE cations.  
The Gd cations are surrounded by two [BS3]
3– and three [BS4]
5– units (Figure III. 36) 
resulting in an overall 6+1 coordination by sulfur forming a mono-capped trigonal prism. One 
of the [BS3]
3– units acts as a monodentate ligand, while the other one is in a bidentate 
function. The three sulfur atoms (S1) coordinating this way form one basal plane of the 
monocapped trigonal prisms. The other base is formed by two S2 atoms originating from one 
[BS4]
5– unit (in a bidentate function) and one S3 atom originating from the other [BS4]
5– unit 
(coordinating in a monodentate manner). The capping sulfur ligand, S2, originates from the 
third [BS4]
5– unit. Gd–S distances are listed in the Table III. 13.  
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Gd9B5S21 
 distance (Å) 
Gd1–S1 2.599(8) 
Gd1–S3 2.802(5) 
Gd1–S2 2.804(9) 
Gd1–S2 2.807(9) 
Gd1–S1 2.857(9) 
Gd1–S1 2.872(8) 
Gd1–S2 2.990(6) 
 
Table III. 13: Interatomic 
distances within the 
coordination polyhedron 
around Gd3+ in the crystal 
structure of Gd9B5S21. 
 
 
Figure III. 36: 
Detail of the crystal 
structure of Gd9B5S21 
showing the 
coordination 
polyhedron 
(monocapped 
trigonal prism) 
around Gd3+ by two 
[BS3]
3– and three 
[BS4]
5– units. 
As observed for the other compounds of the RE9B5S21 series, in the crystal structure one 
of the boron sites is only partially occupied due to the condition of charge balancing in case 
that the rare earth metal is in trivalent state. The boron vacancies are expected to occur at the 
trigonal boron site (B2, 2a) which is in general accordance to the pressure-coordination rule 
[267] and with the position of Al vacancies (2a site) in the aristotype structure Ce6B3.33Al14 
[17]. Due to the fact that refinements of the boron vacancy arrangements based on the X-ray 
powder diffraction data did not yield any clear result, first-principles calculations were carried 
out on 1 1 3 supercells of Lu9B5S21 in order to model the vacancies either at the B1 (2b) or 
the B2 (2a) positions. The details of the first-principles calculations as well as the results will 
be discused in the part III chapter 4. 4. 
 
3.4 Optical spectroscopy 
 
Infra-Red and Raman spectroscopy investigations were performed in order to confirm the 
presence of isolated trigonally and tetragonally coordinated boron by sulfur atoms in the 
crystal structure of Gd9B5S21 (Figure III. 37). The results were compared with the 
measurements performed for Gd[BS3].  
By factor group analysis, the number of expected IR and Raman active modes for 
Gd9B5S21 is calculated (P63, point group symbol ). [258]. In this case the number of the IR 
active modes is 22 (11A+11E1) and of the Raman active modes 34 (11A+11E1+12E2), 
without taking into account vacancies on the boron site.  
In the IR spectrum of Gd9B5S21 the (A ) and (E ) asymmetrical bending and 
stretching modes (more details in part III chapter 2.5) of the [BS3]
3– units are observed in the 
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regions from 580 cm–1 to 650 cm–1 and from 780 cm–1 to 950 cm–1. However, the modes are 
shifted in comparison with the ones observed in the IR spectrum of Gd[BS3]. Also, the modes 
at 592 cm–1 and 618 cm–1 are much more intense, while some of them are not observed at all. 
In accordance with the results of first-principles calculations (part III chapter 4.4), which 
showed that both boron atoms within the [BS3]
3– units move away from the S1 layer in the 
same direction: the one nearest to the vacant site in the direction of motion shifts by               
~ 0.217 Å, while the other one (B2’’) shifts by about one-third of this value, ~ 0.065 Å. As a 
result, the B–S distances increase and the [BS3]
3– units are not planar, causing shifts of the 
vibrational modes. A strong broad signal originating from the (E ) symmetrical bending 
modes of [BS3]
3– units is also observed, and it is as well shifted in comparison with the one 
observed in the IR spectrum of Gd[BS3]. Vibrational modes originating from the crucible 
material (hBN) were not detected in the IR spectrum of Gd9B5S21. 
 
  
(a) (b) 
Figure III. 37: Infra-Red (a) and Raman (b) spectra of Gd9B5S21 in comparison with the corresponding 
spectra of Gd[BS3]. 
The regular tetrahedral [BS4]
5– free ion has the Td point symmetry. Its vibrations are 
described by four normal modes: two stretching A1, T2, and two bending ones E and T2. All of 
these modes are Raman active, while only T2 can be detected in the IR spectrum. The T2 
bending modes are located in the region between ~ 640 cm–1 and ~ 770 cm–1. Small Davydov 
splitting [259] of the vibrational levels for the [BS4]
5– groups is due to the differences in the 
B–S distances, along with possible splittings due to the different masses of the 10B and 11B 
isotopes (natural abundance ~ 20 % : 80 %). Boron in tetrahedral coordination with sulfur 
displays stretching modes in the region from 800 cm–1 to 1100 cm–1. The most probable 
assignment is that the bands belonging to the asymmetric stretching mode are centered at       
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~ 1080 cm–1, while the symmetric stretching frequency is located in the region 800 cm–1 to 
1015 cm–1. In case of Gd9B5S21 these modes are detected as broad bands. 
The vibrational bands corresponding to the libratory and translatory lattice modes of the 
unit cell, which also include stretching (ν(Gd–S) and bending modes (δ(S–Gd–S), which 
describe the vibrations within the GdS6(7) polyhedra as well as the vibrations among them, are 
located below 500 cm–1.  
In the Raman spectra of Gd9B5S21 there are only a few very broad bands suggesting that 
the resolution of the measurements was not high enough (measured with blue and green 
laser). However, the relevant groups of signals can be recognized and assigned.  
Stretching and bending modes within the GdS6(7) polyhedra as well as the vibrations 
among them were observed in the Raman shift region from ~ 80 cm–1 to ~ 400 cm–1. This 
region also comprises the low-frequency bond bending modes of [BS3]
3– units (L(BS3),       
300 cm–1 – 350 cm–1). The fundamental modes and their vibration activities for the regular 
planar [BS3]
3– free ion have been discussed earlier (part III chapter 2.5). Strong absorption 
bands are shifted towards higher Raman shifts than in case of Gd[BS3] and can be found 
around 500 cm–1. Weak absorption bands should be located around 850 cm–1, but in this case 
these signals are lying under the base line. The broad signal in the region of ~ 770 cm–1 to      
~ 640 cm–1 comprises the Raman active modes of the [BS4]
5– units.  
 
3.5 Thermal analysis 
 
The thermal stability of Gd9B5S21 was investigated by means of thermal analysis, which 
was performed on samples obtained from the experiments 6 and 9, as listed in the Table III. 
11, page 97.  
The decomposition of Gd9B5S21 takes place via three stages (Figure III. 38). For better 
understanding of the decomposition mechanism additional measurements were performed at 
slower heating rates and the composition of the remaining material was examined by powder 
X-ray diffraction in the mid stages. Interestingly, the first stage (~ 390 K) was not observed 
during the slow heating rate measurements. The reason for this observation is unclear up to 
now. The second stage is caused by loss of B2S3 (~ 1200 K) and forming α-Gd2S3 [19], which 
further transforms to γ-Gd2S3 [19] (chemical composition Gd3S4) and sulfur. The 
decomposition reaction can be written as 
2 Gd9B5S21 
~ 	
 9 α-Gd2S3 + 5 B2S3 (g)↑  
~ 	
 6 Gd3S4 (γ-Gd2S3) + 3 S (g)↑ 
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and is in agreement with earlier observations on the α to γ transition of Nd2S3 (~ 1450 K) [23].  
Figure III. 38: Comparison of 
TGA curves for different 
heating rates of Gd9B5S21 
samples obtained from starting 
mixtures with initial chemical 
compositions “Gd96Tb4B300S600” 
and “GdB3S6”.  
The decomposition product of Gd9B5S21 obtained from the starting mixture with initial 
composition “Gd96Tb4B300S600” consists of a mixture of γ-Gd2S3 [19] and TbB6 [268] in an 
approximate ratio of Gd:Tb as defined for the starting mixture. The decomposition product of 
Gd9B5S21 obtained from the starting mixture with initial composition “GdB3S6” is γ-Gd2S3 
[19]. The “sublimation” temperature of B2S3 occurs at a slightly higher temperature in 
comparison with the decomposition of Gd[BS3], which may be due to the presence of [BS4]
5– 
units in the crystal structure. 
 
3.6 Summary 
 
Our efforts to synthesize doped samples of Gd[BS3] have not been successful. However, 
a new gadolinium thioborate sulfide, Gd9B5S21, was obtained from these experiments. It was 
found that the new thioborate is isotypic to the earlier discovered series, RE9B5S21 with       
RE = Tb – Lu and Y. IR and Raman spectroscopy investigations are in agreement with the 
presence of [BS3]
3– and [BS4]
5– complex ions in the crystal structure of Gd9B5S21. From the 
results of the thermal analyses it was shown that Gd9B5S21 is stable up to ~ 1200 K. 
 
4. RE9B5S21 (RE = Tb – Lu, Y) 
 
In this chapter experimental routes for the preparation of isotypic thioborate sulfides with 
general formula RE9B5S21 (RE = Tb – Lu, and Y) are presented. Their crystal structure was 
found to adopt the Ce6Al3.33S14 aristotype structure [17]. Crystal structure refinements were 
performed from powder X-ray diffraction data. The crystal structure contains both trigonal-
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planar [BS3]
3– and tetrahedral [BS4]
5– units, as well as intrinsic boron vacancies. The vacancy 
distribution was exemplary investigated on the basis of the crystal structure of Lu9B5S21 by 
EXAFS, TEM and quantum mechanical calculations. In addition, optical spectroscopy and 
11B NMR spectroscopy were used to investigate the presence of thioborate anions. 
Information on the thermal stability of these compounds was obtained by thermogravimetric 
analyses.  
 
4.1 Syntheses and phase analyses 
 
The ternary compounds of nominal composition RE9B5S21, (RE = Dy – Lu, and Y) were 
prepared from mixtures of the respective RE metals, amorphous boron and sulfur in the molar 
ratio 1:3:6 by a high-pressure high-temperature synthetic route. Molar ratios corresponding to 
the chemical composition of the isotypic compounds did not yield sufficiently pure materials 
(binary rare earth sulfides were formed, too; see Appendix, page 157). Terbium thioborate 
sulfate, Tb9B5S21, was not obtained by use of amorphous boron, but by use of crystalline 
boron, only. For the preparation of the thioborate sulfides with RE = Dy – Lu, Y, the 
octahedral assemblies of the Hp – HT experiments were compressed to 3.5 GPa for 5h and 
heated to 1673 K. In case of Tb, higher pressure was needed, namely 5 GPa, because of the 
crystalline boron used in the starting mixture. After finishing the reactions, the central         
Hp – HT setup was removed from the press and transferred into a glove box where the 
samples were isolated from the crucible (hBN). No indications for reactions between the 
samples and the crucible material were obtained. The air- and moisture-sensitive compounds 
RE9B5S21, (RE = Tb – Lu, and Y; brown, red-brown, red, dark orange, light orange, yellow, 
yellow and yellow, respectively) were isolated as polycrystalline products. The terbium, 
erbium and yttrium compounds, however, were not obtained as single phase samples. The 
minority phases present in these samples are not yet identified.  
Amorphous boron sulfide was present in all the reaction products as a byproduct. Efforts 
to separate this impurity from the main reaction products by sublimation in vacuum at low 
temperatures remained hitherto unsuccessful. However, long time annealing in quartz glass 
capillaries (ø 2 mm), sealed under ambient argon atmosphere, yielded in significant 
purification of the main reaction products. During annealing, a temperature gradient was 
applied by vertical shifting of the capillary with its top looking out of the furnace. Heating and 
cooling procedures were performed in the following way: 
298		K	 	773	K	 336h 	298	K	. 
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4.2 Crystal structure determinations 
 
Lattice parameters determinations 
The unit cell parameters at ambient temperature (Table III. 14) were determined from    
powder X-ray diffraction data. Figure III. 39 shows the observed and calculated powder X-ray 
diffraction patterns in the range 10o < 2θ < 90o for Lu9B5S21. In agreement with the results of 
the crystal structure determinations, EDXS analyses confirmed the presence of boron and the 
molar ratios RE:S = 3:7.  
The changes in the unit cell dimensions with decrease in RE3+ ionic size are not 
uniformed (Figure III. 40). A continuous decrease of the a and b lattice parameters is 
observed, while the c parameter remains nearly constant along the series. Interestingly, the 
series of related compounds RE3Ge1.25S7, (RE = Ce – Sm, Gd – Ho) [269], adopting the same 
structure type, reveals the same phenomenon.  
For comparison reasons the lattice parameters of Gd9B5S21 are included in Table III. 14 
and Figure III. 40. 
Figure III. 39: Observed 
and calculated powder  
X-ray diffraction patterns 
of Lu9B5S21. 
 
Table III. 14: Unit cell parameters of compounds RE9B5S21, (RE = Gd – Lu, and Y), space 
group P63. 
Compound a (Å) b (Å) c (Å) V (Å³) 
Gd9B5S21 9.5457(11) 9.5457(11) 5.8409(6) 460.93(6) 
Tb9B5S21 9.4773(1) 9.4773(1) 5.8560(2) 455.52(2) 
Dy9B5S21 9.4044(2) 9.4044(2) 5.8855(3) 450.79(4) 
Ho9B5S21 9.3703(1) 9.3703(1) 5.8826(1) 447.31(1) 
Er9B5S21 9.3279(12) 9.3279(12) 5.8793(8) 443.02(9) 
Tm9B5S21 9.2869(3) 9.2869(3) 5.8781(3) 439.03(3) 
Yb9B5S21 9.2514(5) 9.2514(5) 5.8805(6) 435.87(7) 
Lu9B5S21 9.2162(3) 9.2162(3) 5.8911(3) 433.34(4) 
Y9B5S21 9.3921(3) 9.3921(3) 5.8947(4) 450.32(3) 
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Figure III. 40: Lattice parameters (left) and unit cell volumes (right) along the RE9B5S21, (RE = Gd – Lu) 
series. The values of the ionic radii of RE3+ with the CN = 7 were taken from [172]. 
 
Crystal structure refinements 
Table III. 15: Crystallographic data and details on powder X-ray diffraction data collection and structure 
refinements for the isotypic compounds: RE9B5S21 (RE = Tb – Lu, and Y). 
Chemical 
formula 
Tb9B5S21 Dy9B5S21 Ho9B5S21 Er9B5S21 Tm9B5S21 Yb9B5S21 Lu9B5S21 Y9B5S21 
Color brown 
red-
brown 
red 
dark 
orange 
light 
orange 
yellow yellow yellow 
Crystal system hex. hex. hex. hex. hex. hex. hex. hex. 
Space Group, Z P63 , 2/3 P63 , 2/3 P63 , 2/3 P63 , 2/3 P63 , 2/3 P63 , 2/3 P63 , 2/3 P63 , 2/3 
Temperature (K) 298 298 298 298 298 298 298 298 
Radiation, λ (Å) 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Cu Kα1, 
1.540562 
Diffractometer, 
scan mode 
Huber 
G670,  
transmission 
Stoe STADIP-MP, transmission in Debye-Scherrer geometry 
2θ range (o) 10 - 90 10 - 110 10 - 110 10 - 110 10 - 110 10 - 110 10 - 90 10 - 110 
Formula Mass     
(g mol–1) 
2157.63 2189.82 2211.69 2232.66 2247.72 2284.68 2302.02 1527.71 
ρcalc (g·cm
3) 5.24 5.381 5.473 5.584 5.666 5.807 5.888 3.755 
Absorption 
coefficient        
μ  (mm–1) 
126.88 145.62 62.12 65.50 69.57 72.50 78.48 39.87 
Weighted profile  
R-factor Rwp 
0.041 0.037 0.047 0.065 0.030 0.031 0.015 0.028 
Profile           
R-factor Rp 
0.026 0.026 0.025 0.048 0.023 0.025 0.013 0.019 
Structure         
R-factor RF 
0.259 0.099 0.064 0.137 0.024 0.029 0.087 0.145 
Expected         
R-factor Rexp 
0.017 0.024 0.014 0.017 0.013 0.016 0.012 0.021 
 
The crystal structures of RE9B5S21, (RE = Tb – Lu, and Y) were refined from X-ray 
powder diffraction data. The Rietveld refinement method [231] was applied (Figures III. 41 
and III. 42). To describe the peak shapes during the refinements the Thompson-Cox-Hastings 
pseudo-Voigt convoluted with axial divergence asymmetry function [254] was used. The 
position of the three-fold coordinated boron atom was restrained near the barycenter of the 
sulfur atoms of the [BS3]
3– units by restraining the distances between boron and sulfur atoms 
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to be 1.85(10) Å and by constraining the z-coordinates of these atoms to be equal. Bond 
distances between sulfur atoms and boron in tetrahedral coordination were restrained to be 
1.90(5) Å.  
 
 
Figure III. 41: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
the members of the isotypic series RE9B5S21, (RE = Tb – Yb). In the cases of Tb9B5S21 and Yb9B5S21 the 
Rietveld refinements were performed together with the small amount of hBN, originating from the 
crucible material (Bragg positions of hBN are indicated in orange). In addition, in the case of Tb9B5S21, a 
larger amount of an unidentified phase was present in the sample. Therefore, the Rietveld refinement 
procedure could not be applied to its full extent.  
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The isotropic displacement parameters of sulfur and boron were constrained to equal 
values. Table III. 15 summarizes details of data collection, crystallographic data and structure 
refinements of the rare earth thioborate sulfides RE9B5S21 (RE = Tb – Lu, and Y). 
Figure III. 42: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) 
of the Lu9B5S21 (left) and Y9B5S21 (right).  
 
 
4.3 Crystal chemistry 
 
Application of Hp – HT conditions yielded samples of the isotypic compounds RE9B5S21 
(RE = Tb – Lu and Y) suitable for refinement of the crystal structures from X-ray powder 
diffraction data. These compounds adopt the Ce6Al3.33S14 aristotype structure [17] (hexagonal, 
space group P63). The crystal structures of RE9B5S21 are closely related to the large family of 
compounds with general formula RE3MM’Q7, where M and M’ are metals or metalloids and Q 
is a chalcogen [171], which all adopt the Ce6Al3.33S14 structure type [17]. However, in the 
case of rare earth thioborate sulfides M and M’ stand for a non-metallic element, namely 
boron, which makes these series of compounds unique. 
In the crystal structures of RE9B5S21 the boron atoms occupy two sites (2b and 2a) with 
tetrahedral and trigonal-planar coordination by sulfur, respectively (Tables A. 12 and A. 13 in 
the Appendix, and Figure III. 43). In the oxoborate chemistry, the crystal structures of phases 
obtained under high-pressure are expected to be composed of four-fold coordinated boron 
atoms, further linked via common corners as well as common edges [3] to a condensed 
network. There are also examples of three-fold coordinated boron atoms in the crystal 
structures of phases obtained under high-pressure in the oxoborate chemistry, i.e. Pr4B10O21 
[164, 165] and Ho31[BO3]3[BO4]6O27 [166]. The trigonal-planar coordinated boron atoms are, 
however, exceptional for a material synthesized under high-pressure conditions (part I   
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chapter 2.2). Up to now, Ho31[BO3]3[BO4]6O27 [166] represents the only rare earth oxoborate 
exclusively exhibiting isolated BO3 and BO4 groups next to each other. A sequence of two 
[BO4]
5– tetrahedra and one trigonal-planar [BO3]
3– unit is found along [001], while a 
corrugated sequence of [BO3]
3– and [BO4]
5– units can be observed along [100] [166]. In the 
crystal structures of the isotypic compounds RE9B5S21 (RE = Tb – Lu and Y) isolated [BS4]
5– 
tetrahedra (all pointing with one of their apices along the polar [001] direction), are found, 
and represent a unique feature of the crystal structure which is observed for the first time in a 
thioborate compound. The only thioborate compound known with crystal structure composed 
of both BS3 and BS4 units is BaB2S4 [7]. These units are, however, connected via common 
corners resulting in infinite chains (the crystal structure of this compound is shown in the 
Figure I. 14, page 38). The isolated [BS4]
5– tetrahedra are stacked along the three-fold rotation 
axes in the crystal structures of the isotypic compounds RE9B5S21 (RE = Tb – Lu and Y).   
B1–S2 bond lengths are in the range 1.914(11) Å – 1.947(9) Å, and B1–S3 in the range 
1.8110(4) Å – 2.18(3) Å (Table III. 16). These values are in agreement with B–S bonds found 
in other thioborates with four-fold coordinated boron: 1.61(1) Å – 2.06(1) Å; mean value 
1.92(4) Å [1]. The S–B1–S angles are close to the ideal tetrahedral value in all the six 
compounds. However, in cases of RE = Er and Y, the angle S2–B1–S2 is larger than           
S2–B1–S3, while it is just the opposite situation in the other six compounds (this 
disagreement is probably due to the fact that neither Er9B5S21 nor Y9B5S21 could be obtained 
as a single phase samples, and therefore systematic errors may have been introduced).  
 
Figure III. 43: Crystal structure of RE9B5S21,  
(RE = Gd – Lu and Y), viewed along [001] (left) and 
detail of the crystal structure showing the stacking of 
[BS4]
5– tetrahedra and [BS3]
3– triangles propagating 
along the 63 axes and interconnected by RES6+1 
monocapped trigonal prisms (right). 
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By comparing the S2–S2 and S2–S3 interatomic distances within these tetrahedra 
(3.054(3) Å – 3.4902(2) Å and 3.0842(4) Å – 3.8568(3) Å), it becomes clear that the [BS4]
5– 
tetrahedra are slightly trigonally elongated. The elongation increases with decreasing size of 
the RE cation, which can be seen from the general measure of polyhedra distortion                 
(υ (%) = 100 · [Vi – Vr] / Vr) as proposed in [270]. The values of υ are increasing from 6.44 % 
to 8.77 % along the RE series (RE = Tb – Lu) (elongation in case of Gd9B5S21 and Y9B5S21 is 
significantly larger ~ 15 % and ~ 20 %, respectively). This observation may also explain the 
trend of the lattice parameters along the series with decreasing a and b (decreasing size of 
RE3+) and the c parameter remaining nearly constant (Figure III. 40, page 110). The B2–S1 
distances found in the [BS3]
3– triangles which propagate along the 63 axis with alternating 
orientation (1.762(7) Å – 1.913(11) Å) are in agreement with the B–S bond lengths in other 
thioborates with three-fold coordinated boron: 1.74(2) Å – 1.96(1) Å; mean value 1.82(4) Å 
[1]. Each sulfur atom coordinates to three RE cations. Altogether, the S-positions of the 
[BS3]
3– units as well as those of the [BS4]
5– tetrahedra forming the triangle faces parallel (001) 
adopt the coordination pattern of the oxygen atoms in the crystal structure of λ-Nd[BO3] [155] 
(see also part III chapter 2.4, Figure III. 11, page 81). On the other hand, the sulfur atom 
located on the three-fold axis rather acts as a monodentate ligand towards the three 
neighboring RE cations. 
Figure III. 44: Detail of the crystal structure 
of RE9B5S21, (RE = Gd – Lu, and Y), showing 
the coordination polyhedron (monocapped 
trigonal prism) around RE by two [BS3]
3– and 
three [BS4]
5– groups. 
The RE cations are surrounded by two [BS3]
3– and three [BS4]
5– units resulting in an 
overall 6+1 coordination by sulfur forming a monocapped trigonal prism. One of the [BS3]
3– 
units acts as a monodentate ligand, while the other one is in a bidentate function. The three 
sulfur atoms (S1) coordinating this way form one basal plane of the monocapped trigonal 
prisms. The other base is formed by two S2 atoms originating from one [BS4]
5– unit (in a 
bidentate function) and one S3 atom originating from the other [BS4]
5– unit (coordinating in a 
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monodentate manner). The capping sulfur ligand, S2, originates from the third [BS4]
5– unit 
(Figure III. 44). RE–S distances are listed in the Table III. 16.  
Table III. 16: Interatomic distances (d, Å) within the coordination polyhedra around the RE cations as well as 
bond lengths (Å) and angles (°) within [BS3]
3– and [BS4]
5– complex ions in the crystal structures of RE9B5S21, 
(RE = Tb – Lu and Y). 
 
Tb9B5S21 Dy9B5S21 Ho9B5S21 Er9B5S21 Tm9B5S21 Yb9B5S21 Lu9B5S21 Y9B5S21
d / angle d / angle d / angle d / angle d / angle d / angle d / angle d / angle 
RE – S1 2.6790(4) 2.725(14) 2.698(6) 2.666(13) 2.697(6) 2.686(4) 2.692(9) 2.685(7) 
RE – S1 2.7708(2) 2.757(15) 2.768(6) 2.757(13) 2.721(5) 2.712(3) 2.699(7) 2.749(7) 
RE – S1 2.8264(7) 2.773(11) 2.790(5) 2.834(12) 2.743(6) 2.742(4) 2.728(9) 2.761(7) 
RE – S2 2.7518(5) 2.694(9) 2.692(6) 2.679(13) 2.684(6) 2.671(3) 2.645(9) 2.704(6) 
RE – S2 2.9069(9) 2.848(9) 2.840(5) 2.706(13) 2.806(6) 2.790(3) 2.762(8) 2.851(6) 
RE – S2 2.9574(1) 2.966(9) 2.964(5) 2.935(9) 2.936(4) 2.930(3) 2.968(8) 2.973(6) 
RE – S3 2.8917(5) 2.796(6) 2.794(4) 2.932(10) 2.766(4) 2.745(3) 2.739(6) 2.806(5) 
B1 – S2 1.938(3) 1.943(9) 1.935(6) 1.947(9) 1.946(8) 1.957(6) 1.931(9) 1.914(11) 
B1 – S2 1.939(3) 1.944(9) 1.936(6) 1.947(9) 1.946(8) 1.957(6) 1.932(9) 1.914(11) 
B1 – S2 1.938(3) 1.943(9) 1.935(6) 1.947(9) 1.946(8) 1.957(6) 1.931(9) 1.914(11) 
B1 – S3 1.8110(4) 1.947(9) 1.926(12) 1.928(17) 1.933(21) 1.933(14) 1.922(20) 2.18(3) 
B2 – S1 1.7677(2) 1.913(11) 1.909(3) 1.762(7) 1.878(3) 1.872(3) 1.862(5) 1.912(5) 
S2–B1–S2 108.3(2) 106.8(4) 106.9(4) 111.6(5) 106.4(6) 105.6(4) 104.5(7) 112.8(8) 
S2–B1–S3 110.6(4) 112.0(4) 111.9(4) 107.2(5) 112.4(6) 113.1(4) 114.1(6) 105.9(9) 
S1–B1–S1 120.0 120.0 120.0 120.0 120.0 120.0 120.0 120.0 
 
 
 
4.4 Electronic structure, charge transfer and chemical bonding 
 
In compliance with the condition of charge balancing, in case that the rare earth atom is 
trivalent, at least one of the boron sites is only partially occupied. The vacancies in the 
aristotype structure Ce6Al3.33S14 [17] occur at the octahedrally coordinated Al position (2a 
site). Reflecting this fact on the RE9B5S21 crystal structure, the vacancies are expected to occur 
at the trigonal boron site (B2, 2a). This expectation is in general accordance with the pressure-
coordination rule [267]. Due to the fact that refinements of the boron vacancy arrangements 
based on the X-ray powder diffraction data did not yield any clear result, first-principles 
calculations were carried out on 1 1 3 supercells of Lu9B5S21 in order to model vacancies 
either at the B1 (2b) or the B2 (2a) positions (Table III. 17 and Figure III. 45).  
Table III. 17: Comparison of the total energies of the six possible 1 1 3 supercell models of the crystal 
structure of Lu9B5S21 with different vacancy arrangements. 
Model 
Vacancy arrangement 
along [001] 
Total energy            
(eV / 1 1 3 supercell) 
Total energy            
(meV / atom) 
B1a 
–B––– 
–B–B–B– 
4.72 67.4 
B1b 
––B–B– 
–B––B– 
4.39 62.7 
B1c 
––B–B– 
––B–B– 
4.91 70.1 
B2a –B–B–––B–B– 1.37 19.6 
B2b –B–B––B––B– 0.34 4.9 
B2c –B–B––B–B–– 0.00 0.00 
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Figure III. 45: 1 1 3 supercell 
model of the crystal structure of 
Lu9B5S21 reflecting the most 
preferred arrangement of boron 
vacancies. Fully occupied B1 
positions are highlighted by red 
circles and red spheres, while the 
vacant B2 positions are indicated 
by green circles. 
The electronic structure calculations indicate full occupation of the B1 positions and 
vacancies are only found at the B2 sites. The lowest total energy was calculated for the model 
with maximum distances between the Schottky defects, resulting in a preferred                       
–B2–B2––B2–B2–– ordering within the individual [001] columns. Here, every third B2 
site is not occupied, and instead a [(S2–)3] substructure is formed. Despite ordering within 
the individual columns, no superstructure is observed as adjacent columns are shuffled by            
±[00⅓]. That means, shifting up- or downwards is equivalent giving rise to a randomly 
distributed vacancy pattern of the [001] columns. This vacancy arrangement is most likely 
induced by minimization of unfavorable Coulomb interactions. Indeed, the electron 
diffraction patterns of Lu9B5S21 (Figure III. 46) clearly reveal the absence of any 
superstructure along c. 
Atomic charges, computed by use of the QTAIM approach [248] for each atom in all six 
supercell models, do not show significant changes depending on which boron site is partially 
vacant, and how vacancies are ordered. In all cases around 69.1 e– belong to Lu atoms, 17.2 e– 
to S atoms, around 3.6 e– to B1 atoms and around 3.4 e– to B2 atoms.  
The chemical bonding analysis performed on the energetically most favoured 1 1 3 
supercell model, was focused on the three distinct substructures of interest: [BS3]
3–, [BS4]
5–, 
and [(S2–)3]. In Figure III. 47 the ELI isosurfaces depicting the relevant chemical bonding 
situations for a representative of each distinct substructure are shown. The coplanar [BS3]
3– 
substructure consists of B2 and S1 atoms. 
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Figure III. 46: Selected area electron diffraction (SEAD) patterns of Lu9B5S21 (a) [310] and 
(b) [011]. No indications for superstructure reflections are observed in the patterns. The 
forbidden 00l reflections with l = 2n+1 are observed due to dynamical effects. 
 
The tetrahedral [BS4]
5– unit is composed of B1, one S3 and three S2 atoms, thus there are 
two types of B–S bonds corresponding to B1–S3 and B1–S2 contacts. The B1–S2 bond is 
slightly longer than B1–S3 (see Table III. 16, page 115; Lu9B5S21 column). The B2–S1 bond 
is the shortest B–S contact being 0.06 Å shorter than B1–S3.  
 
Figure III. 47: ELI isosurfaces calculated in the ordered 1 1 3 supercell model of 
the crystal structure of Lu9B5S21 showing the valence region ELI attractors for the 
substructures of interest: (left) [BS4]
5–tetrahedron with isosurface value Y = 1.618 
and (right) [BS3]
3– triangles as well as [(S2–)3] arrangements stacked along [001] 
according to the sequence –B–B–– with isosurface values of Y = 1.628 and    
Y = 1.535, respectively, being superimposed. Sulfur atoms are connected by solid 
lines to indicate the main geometrical objects (S4 tetrahedron and S3 triangles). 
All B–S bonds are found to be two-centre bonds and the electron counts in the 
corresponding bond basins are in accordance with the order of the bond lengths. The shortest 
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of all B–S  contacts, B2–S1, contains ~ 2.00 e–, while B1–S3 contains 1.85 e– and the longest 
one, B1–S2, contains 1.65 e–. The bonding situation involving the [BS3]
3– units is not affected 
in any significant way due to optimized B2 atom positions. 
All the sulfur atoms show three lone-pair-like features with differing electron counts. The 
‘lone pairs’ of the S3 atoms in the [BS4]
5– substructure contain 2.00 e– each and obey the 
symmetry of the three-fold axis, while the lone-pair-like basins of S2 atoms contain 1.93 e–, 
2.05 e– and 2.10 e–. The S1 atoms of the [BS3]
3– substructure contain 1.80 e–, 1.90 e– and    
1.92 e– in their lone-pair-like basins. The sulfur atoms around the vacant B1 site (the [(S2–)3] 
substructure) show only lone-pair-like features and the interior region of the S3 triangle does 
not contain any ELI attractors. The electron counts in the ‘lone-pair’ basins correspond to   
2.0 e–, 2.6 e– and 2.8 e–, respectively. The bonding topology of the [BS3]
3– substructure is also 
in agreement with the reported data of gaseous [BS3]
3– ions [271].  
Figure III. 48: Illustration of a detail of the crystal 
structure of Lu9B5S21 representing FPLO-calculated 
(left) shifts of the sulfur atoms from the position S1 
within the [BS3]
3– unit to position S1' within the 
[(S2–)3] substructure. The brown sphere denotes the 
B2 site in the [(S2–)3] substructure which is 
unoccupied. (right) shifts of the boron atoms from the 
position B2 within coplanar [BS3]
3– units to positions 
B2’ and B2’’, both denoted by orange spheres. Brown 
sphere denotes the boron position if it would stay in 
the barycenter of attached sulfur atoms. 
The S1 arrangement is of special interest for the structural characterization of the 
RE9B5S21 compounds. Since quantum mechanical calculations indicate vacancies only at the 
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B2 sites, one-third of the S3 triangles formed by the S1 atoms are empty, viz., [(S
2–)3]. The 
lack of ELI attractors inside this unit implies that there is no significant covalent bonding 
among these sulfur atoms that can counterbalance the repulsive Coulomb interactions. 
Consequently, it is expected that each of the S1 atoms of the [(S2–)3] substructure shifts 
towards the centre of the triangle defined by its nearest three RE neighbors (RE = Gd – Lu, 
and Y), (Figure III. 48(left)). The positions of only these S1 atoms (all other atoms were kept 
fixed) were optimized by using version 9 of the FPLO code [246]. The results are in good 
agreement with the expectation: S1 atoms of the [(S2–)3] substructure indeed move: the Lu 
atom above the S3 plane, denoted as LuA, becomes the nearest Lu neighbour of the S1’ atom 
(bond lengths shortened by ~ 0.12 Å), while the distances to the other two Lu atoms below 
(LuB) increase very slightly (by ~ 0.02 Å and 0.05 Å). In addition, the shortest S1···S1 
distance becomes ~ 0.31 Å longer, so that the effect of Coulomb repulsion is somewhat 
weakened. 
Another interesting feature of the S1 arrangement concerns the question of whether the 
B2 atoms are coplanar with the S1 atoms or not. Because of the fact that boron is a weak 
scatterer, it was not possible to answer this question by X-ray diffraction. Therefore, we again 
turned to first-principles methods. The free z-coordinates of the B2 atoms were optimized 
while keeping all the other atoms fixed. Since along the [001] direction two B2 atoms are 
sandwiched by two vacancies, cf., –B2–B2––B2–B2––, it is not clear a priori in which 
direction each boron atom will move, if they move at all. The calculations reflect the absence 
of a mirror plane perpendicular to the [001] direction. Both boron atoms move away from the 
S1 layer in the same direction, the one nearest to the vacant site (B2’) in the direction of 
motion shifts by ~ 0.217 Å, while the other one (B2’’) shifts by about one-third of this value, 
~ 0.065 Å. The direction is determined by the orientation of the  [BS4]
5– substructure, pointing 
from the S2-triangle of the tetrahedron towards the apex atom S3 (Figure III. 48(right)). 
 
4.5 X-ray absorption spectroscopy: EXAFS data analysis for Lu9B5S21 
 
The analysis of the EXAFS data of Lu9B5S21 confirmed the local structure information 
around the Lu atoms obtained from powder X-ray diffraction data (Figure III. 49, Table       
III. 18).  
The vacancies could be located on the B2 sites in agreement with the quantum 
mechanical calculations. The detailed analysis of the EXAFS data showed that, using the 
structural model from the Rietveld refinements, the best fit is obtained for the data taken at 
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low temperature (5 K). At this temperature the ambiguity concerning contributions caused by 
dynamic or static disorder affecting the EXAFS signal is minimal. The comparison of first-
principles calculations [257] assuming vacancies on the B1 site with the experimental data 
resulted in much higher R values (Table III. 19).  
 
Figure III. 49: EXAFS oscillations of Lu9B5S21 and 
corresponding Fourier transforms in comparison with 
the first-principles calculations based on a  structure 
model (left) obtained from the Rietveld refinements; 
and modeled on the base of a 1 1 3 supercell (top) 
(spectra are phase corrected). Arrow indicates the 
shoulder at the peak originating from the Lu–S 
bonds, possibly indicating the shift of sulfide ions 
within the [(S2–)3]
 substructure towards the 
barycenter of the three coordinated Lu cations. 
In order to describe the position of the S1 atoms within the [(S2–)3] substructure, the 
analysis of EXAFS data (obtained at 5K) was best performed using the 1 1 3 superstructure 
model as already used for electronic structure calculations. The peak originating from the  
Lu–S bonds has a shoulder at ~ 2.5 Å, possibly indicates the shift of sulfide ions within the 
[(S2–)3]
 substructure towards the barycenter of the three coordinated Lu cations (Figure      
III. 49(top)). 
Table III. 18: Local structure information around Lu atoms in the crystal structure of Lu9B5S21, obtained 
from the analysis of EXAFS oscillations. Overall amplitude factor S : 0.527; Independent points: 53.65, 
Number of variables in fit: 13, R-factor; 0.023; χ2: 847.76, reduced χ2: 20.86, k-space interval: [2 : 14.152]; 
R-space interval: [1 : 6]. 
[a] Distances as expected from refined crystal structures.  
[b] Distances obtained from the EXAFS fit using the structural model from the Rietveld refinements. 
 R (Å) [a] R (Å) [b] ΔR (Å) σ2 (10–3 Å2) 
Shell 1 
CN=7 
Lu – S1 2.728 2.726 0.002 4.1 ± 0.4 
Lu – S1 2.692 2.691 0.001 3.8 ± 0.5 
 Lu – S1 2.699 2.698 0.001 3.8 ± 0.5 
 Lu – S2 2.645 2.644 0.001 3.6 ± 0.5 
 Lu – S2 2.968 2.967 0.001 4.6 ± 0.8 
 Lu – S2 2.762 2.761 0.001 4.2 ± 0.6 
 Lu – S3 2.739 2.738 0.001 4.2 ± 0.3 
Shell 2 
CN=2 
Lu – –B1 3.407 3.406 0.001 6.4 ± 0.7 
Lu – –B2 3.091 3.089 0.002 5.5 ± 0.4 
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Table III. 19: R values of EXAFS fits of Lu9B5S21 
with starting models from the Rietveld refinements 
(assuming vacancies on B1 and B2 site, respectively) 
as well as from the 1 1 3 supercell model with the 
lowest total energy.  
Temperature Assumed vacancy position 
Structure 
model 
Model obtained 
from the Rietveld 
refinement 
Modeled       
1 1 3 
superstructure 
 B1 B2 B2c 
 R (%) R (%) R (%) 
5 K 9.5 2.3 3.2 
100 K 15.7 4.1 – 
298 K 30.0 6.7 – 
 
4.6 Thermal analysis 
 
The thermal stability of the novel rare earth thioborate sulfides was investigated for the 
Dy, Lu and Y containing thioborate sulfides by means of thermal analysis. 
In the Figure III. 50 the TGA plots of RE9B5S21 with RE = Gd, Dy, Lu and Y are 
presented in comparison with a TGA plot of B2S3. The decomposition process of these 
compounds undergoes one (in case of Lu9B5S21, only) or three stages, one of them being the 
loss of B2S3.  
The “sublimation” temperature of B2S3 
changes in dependence of the size of RE3+, 
namely it increases in an almost linear fashion 
with the increase of the RE3+ radii (Table III. 20). 
This means that the Gd9B5S21 has the highest 
thermal stability regarding the loss of B2S3 along 
the RE9B5S21 series. 
In all the compounds, the amount of B2S3 released from the sample is between 25 % and 
35 %, which is in agreement with the calculated amount of B2S3 in the RE9B5S21 crystal 
structures (between 12.8 % and 13.8 % in case of Gd, Dy and Lu, and 19.3 % in case of Y) 
and the amount of amorphous B2S3 as the reaction byproduct (between 11.5 % and 19.2 %). 
 
Figure III. 50: Comparison of 
TGA curves of RE9B5S21  
(RE = Dy, Lu and Y) and of B2S3. 
The additional effects in the 
Dy9B5S21 TGA curve above  
1220 K probably originate from 
sudden release of gas (B2S3) 
entrapped in cavities. The TGA 
curve of Gd9B5S21 is added for 
comparison reasons. 
Table III. 20: Overview of the “sublimation” 
temperatures of B2S3 in RE9B5S21 with RE = Gd, 
Dy, Lu and Y. 
Compound 
RE3+ ionic radius  
(CN = 7) (Å) 
[172] 
T (K) 
Gd9B5S21 1.00 1198 
Dy9B5S21 0.97 1196 
Y9B5S21 0.96 1185 
Lu9B5S21 0.92 1167 
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The loss of B2S3 in all the investigated compounds leads to formation of known binary 
sulfides: the Dy thioborate sulfide decomposes to γ-Dy2S3 (Dy2.667S4) [19] and B2S3, Y9B5S21 
to δ-Y2S3 [272], small amounts of Y[BO3] [273] (probably due to the reaction with crucible 
material) and B2S3, while the Lu compound decomposes to ε-Lu2S3 [25] and B2S3. The 
decomposition product of Gd9B5S21 is γ-Gd2S3 [19] and B2S3 (part III chapter 3. 5). 
 
4.7 11B NMR investigations 
 
11B NMR spectroscopy is a powerful tool to investigate different local structures of boron 
atoms within the same structure. The nuclear quadruple moment of 11B allows the 
differentiation of boron atoms in trigonal and tetrahedral coordination [265].  Due to the 
presence of a strong electric field gradient at the trigonally coordinated boron atoms the 
corresponding central transition becomes anisotropically broadened resulting in a 
characteristic lineshape. The charge distribution at the tetrahedral boron sites is spherically 
symmetric in case of an ideal tetrahedron with the four ligands being equivalent, and therefore 
2nd order quadrupolar broadening effects are lacking. 
The 11B NMR spectroscopic measurements were performed for Y9B5S21 (B2S3 together 
with traces of hBN were present in this sample); the resulting 11B MAS NMR spectrum is 
shown in Figure III. 51.  
Figure III. 51: 11B MAS NMR 
spectra of Y9B5S21 (top), La[BS3] 
(middle) and hBN (bottom). The 
spinning sideband, which arises due 
to the effect of magic angle spinning 
on the satellite transitions and is 
therefore a result of quadrupolar 
interactions, is marked with an 
asterisk. 
 For comparison reasons, pure La[BS3] sample was investigated by the same method, 
with a signal from trigonally coordinated boron atoms being clearly observed. For the same 
reason measurements were also performed on the crucible material, hBN.  
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Multiple signals from the Y9B5S21 sample were expected, namely the signals from [BS3]
3– 
and [BS4]
5– units, where more than one signal should be observed due to the non-equality of 
the B–S bonds within the [BS4]
5– units. Also disorder is present (shift of boron atoms out of 
plane) in this crystal structure which should contribute to signal complexity. Next to the 
signals from the Y9B5S21, the signals from the B2S3 and from the hBN (crucible material) are 
also observed in the spectrum causing significant overlaps. Another problem is that the broad 
signal from the probe (BN-stator) contributes significantly to the spectrum.     
In the Y9B5S21 
11B MAS NMR spectrum the low intensity signal similar to the one 
observed for the La[BS3] sample might also originate from B2S3 being present in the sample. 
In addition, a low intensity signal assigned to the hBN impurity is observed. The strongest 
signals in the Y9B5S21 spectrum were first believed to originate from a superposition of the 
[BS3]
3– and [BS4]
5– units. In order to resolve these signals, a 2D multi-quantum MAS 
experiment was performed. However, the results rather pointed to at least three strongly 
overlapping [BS4]
5– resonances. 
Because of all the difficulties with the interpretation of the 11B MAS NMR spectroscopy 
results, we can only conclude that boron atoms in the crystal structure of Y9B5S21 indeed exist 
in different coordination environments. At present, no further conclusion on the fraction of 
trigonally and tetrahedrally coordinated boron can be made. 
For better results phase-pure samples are needed in order to eliminate the signals from 
B2S3 and hBN. However, the elimination of B2S3 is rather complicated. Annealing at elevated 
temperatures can significantly reduce the content of B2S3 impurity, but the remaining amount 
is still high. Increasing the annealing temperature, however leads to decomposition of the 
sample. Maybe, the annealing under Argon stream instead of a closed ampoule could help to 
fully remove the B2S3 impurities from the sample. 
 
4.8 Optical spectroscopy 
 
As the presence of isolated trigonally and tetragonally coordinated boron by sulfur atoms 
in one and the same crystal structure was observed for the first time in RE9B5S21,                 
(RE = Gd – Lu, and Y), IR and Raman spectroscopy measurements were performed in order 
to further investigate this observation. IR measurements were performed on Tb9B5S21 (Figure 
III. 52) while Raman investigations were made with Y9B5S21 and Tb9B5S21 (Figure III. 53). 
The results were compared with the spectroscopic data obtained for RE[BS3] compounds.  
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The number of expected IR and Raman active modes for RE9B5S21, (P63, point group 
symbol ) according to the factor group analysis [258], is 22 (11A+11E1) and 34 
(11A+11E1+12E2), respectively. This calculation was done without taking into account 
vacancies on the boron site.  
The IR spectra of Tb9B5S21 and of Gd9B5S21 (part III chapter 3.4) show nearly identical 
absorptions, with the exception that B–N stretching (1375 cm–1) and B–N–B bending        
(805 cm–1) vibrations of hBN (crucible material), were detected as strong signals in the IR 
spectrum of Tb9B5S21. hBN shows only one mode in the Raman spectrum (~ 1370 cm
–1), 
which is observed as a sharp signal in the spectrum of Tb9B5S21 (Figure III. 52). Additional 
signals are detected around 756 cm–1, which probably originate from sample contaminations, 
as indicated by the powder X-ray diffraction patterns (part III chapter 4.2). 
In the IR spectrum of Tb9B5S21 signals originating from both trigonal and tetrahedral 
thioborate units were detected in the following wavelength regions: from 580 cm–1 to          
650 cm–1, from 780 cm–1 to 950 cm–1 and from 1200 cm–1 to 1450 cm–1 ( (A ), (E ) and 
(E ) the modes of [BS3]3– units (more details in part III chapter 2.5); from 640 cm–1 to      
770 cm–1 and 800 cm–1 to 1100 cm–1 (bending and stretching modes of [BS4]
5– units).  
The vibrational bands corresponding to the libratory and translatory lattice modes, which 
also include stretching (ν(Tb–S) and bending modes (δ(S–Tb–S), reflecting the vibrations 
within the TbS6(7) polyhedra and vibrations among them, are located below 500 cm
–1.  
As in the case of Gd9B5S21, the modes at 592 cm
–1 and 618 cm–1 are much more intense 
compared with the respective modes of the RE[BS3] phases, due to anomalies in the crystal 
structure, as described in the part III chapters 3.4 and 4.4.  
Small Davydov splitting [259] of the vibrational levels for the thioborate units is detected 
in the IR spectrum of Tb9B5S21, due to the differences in the B–S distances along with 
possible splittings due to the different masses of 10B and 11B isotopes. 
 
 
Figure III. 52: IR spectrum of 
Tb9B5S21 in comparison with the 
IR spectrum of Gd9B5S21 and the 
Raman spectrum of Tb9B5S21. 
Vibrations of hBN (crucible 
material) are marked with an 
asterisk in both IR and Raman 
spectrum of Tb9B5S21. 
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In the Raman spectrum of Y9B5S21 (Figure III. 53) a few intense lines together with a 
larger number of weak ones are present. The modes observed in the Raman spectrum between 
~ 80 cm–1 and ~ 350 cm–1 originate from stretching and bending modes within the YS6(7) 
polyhedra as well as vibrations among them. This region also comprises the low-frequency 
bond bending modes of [BS3]
3– units (L(BS3); 300 cm
–1 –350 cm–1). The fundamental modes 
and their vibration activities for the trigonal-planar [BS3]
3– free ion have been discussed 
earlier (part III chapter 2.5). These vibrations (strong absorption bands around 450 cm–1, weak 
absorption bands around 850 cm–1) are observed in the Raman spectrum of Y9B5S21 too, 
although weaker than in case of the RE[BS3] compounds. The ideal tetrahedral [BS4]
5– free 
ion has the point symmetry Td. Its vibrations are described by four normal modes: two 
stretching A1, T2, and two bending ones E and T2. All of these modes are Raman active. These 
modes appear as weak absorption bands in the Raman spectra in the region between               
~ 700 cm–1 and ~ 770 cm–1.  
Figure III. 53: Raman spectrum of Y9B5S21 in comparison with the spectrum of Pr[BS3] (single crystal) 
(left); Raman spectrum of Tb9B5S21 in comparison with the spectrum of Tb[BS3] (right). 
The Raman spectrum of Tb9B5S21 obtained from measurements with green and blue 
lasers showed a very strong luminescence effect covering all Raman modes. With a red laser, 
however, the signal to noise ratio was low while the luminescence effect was still present in 
the region above 875 cm–1. The modes observed in the Raman shift from ~ 80 cm–1 to            
~ 400 cm–1 originate from stretching and bending modes within the TbS6(7) polyhedra as well 
as from the vibrations among them. This region also comprises the low-frequency bond 
bending modes of [BS3]
3– units (L(BS3); 300 cm
–1 –350 cm–1). Absorption bands with 
moderate intensity (400 cm–1 –  480 cm–1) and weak absorption bands (770 cm–1 – 870 cm–1) 
originate from the [BS3]
3– units. The modes originating from the tetrahedral [BS4]
5– unit 
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appear as weak absorption bands in the Raman spectra in the region between ~ 700 cm–1 and 
~ 770 cm–1. The modes in the region from ~ 600 cm–1 to ~ 700 cm–1 probably arise due to the 
large difference in B–S distances in the [BS3]
3– units, as the boron atoms in this structure 
move away from the S layer by ~ 0.217 Å and ~ 0.065 Å (part III chapter 4.4). In this way, 
the planarity of the [BS3]
3– units is disturbed. The broad signal in the region between              
~ 500 cm–1 and ~ 580 cm–1 probably originates from B2S3.  
 
4.9 Summary 
 
Careful optimization of the reaction conditions, namely pressure, temperature and 
treatment time, as well as the composition of the starting mixtures succeeded in the 
preparation of the series of isotypic RE thioborate sulfides with composition RE9B5S21,      
(RE = Tb – Lu, and Y). The crystal structures were refined from X-ray powder diffraction 
data, while quantum mechanical calculations revealed information on the arrangement of 
intrinsic vacancies. The crystal structures are characterized by two types of complex anions: 
tetrahedral [BS4]
5– and trigonal-planar [BS3]
3– as well as [(S2–)3] units. Vacancies are 
located at the trigonal-planar coordinated boron sites with preferred ordering                             
–B–B––B–B–– along [001]. No superstructure is observed by means of electron 
diffraction methods as adjacent columns are shuffled along the c axis, giving rise to a 
randomly distributed vacancy pattern. Optical and 11B NMR spectroscopy are in agreement 
with the presence of boron in trigonal and tetrahedral coordination within the same crystal 
structure. Thermal analysis revealed that these compounds are stable in inert conditions up to 
~ 1200 K, when the decomposition reactions towards RE2S3 and B2S3 take place. The analysis 
of the chemical bonding analysis showed the relevant chemical bonding situations for each of 
the distinct substructures of interest: [BS4]
5–, [BS3]
3– and [(S2–)3]. In accordance with the 
combined results of experimental and computational investigations, the chemical formula of 
the title compounds is consistent with RE3[BS3]2[BS4]3S3.  
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As explained in the former chapters, the optimization of syntheses routes for the 
preparation of rare earth thioborates has been successful and yielded two different groups of 
isotypic rare earth thioborates and thioborate sulfides with general formulae RE[BS3]         
(RE = La – Nd, Sm, Gd, Tb) and RE9B5S21 (RE = Gd – Lu, Y). On the other hand, efforts to 
prepare rare earth selenoborates were not successful up to now. Different preparation routes 
with varying experimental parameters were applied on several different starting mixtures, but 
in most cases only known binary rare earth selenides could be identified in the reaction 
products. In several cases, new phases were obtained. Only in two cases the crystal structures 
of the new binary phases were identified and refined.  
In the present chapter different preparation routes towards rare earth selenoborates are 
presented together with interpretation of the reaction products. The main focus is directed on 
the reaction products obtained from three different systems, namely La–B–Se, Gd–B–Se and 
Y–B–Se. The starting mixtures used for the syntheses of rare earth selenoborates were 
comprised of the corresponding RE metals (powder), amorphous boron and gray selenium in 
different ratios. The mixtures were ground, cold pressed to 5 kN, and again ground to fine 
powders. Prepared in such a way, the starting mixtures were used for three different 
preparation routes: high-temperature synthesis, spark plasma sintering and the high-pressure 
high-temperature route. In addition, LaB6 was used as a starting material with addition of 
selenium in the ratio corresponding to the chemical composition “La2B12Se21” of the starting 
mixtures. This starting mixture was used for the Hp – HT experiments using different 
experimental parameters. 
 
1. Towards ternary phases in the systems RE–B–Se, with RE = Sm, Tb – Lu   
 
In analogy to the rare earth thioborates, attempts to prepare rare earth selenoborates with 
late rare earth elements were performed by application of extreme conditions. Two different 
methods were used, namely spark plasma sintering (SPS) and Hp – HT syntheses. In addition, 
high-temperature routes were applied to several starting mixtures. 
 
High-temperature routes 
For the syntheses at high temperatures different starting mixtures with bulk compositions 
“REB6Se6”, “REBSe3”, “REB3Se6”, “REB3Se4”, “RE2B6Se15” and “REB2Se6” with                
RE = Ho, Tm, Lu, were used. Also, mixtures RE2Se3 (RE = Ho, Tm, Lu) and B2Se3 in the 
ratio corresponding to the chemical composition REBSe3 were used as starting materials (the 
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rare earth selenides were prepared from the mixture of the elements). The powders of the 
resulting mixtures were filled in BN crucibles, which were deposited in sealed Ta ampoules 
under argon at ambient pressure. The amount of sample filled into the BN crucible was 
varied. The reaction containers were deposited in quartz reactors with connections to argon 
supply and a relief pressure valve. Annealing was performed using a one-zone vertical tube 
furnace. The reactions were carried out under constant argon flow by applying one of the 
following heating and cooling procedures: 
298	K	 	1023	K	 6h 	873	K	 	423	K	 	 	298	K 
298	K	 	1173	K	 6h 	873	K	 	423	K	 	 	298	K 
298	K	 	1023	K	 4h 	1173	K	 48h 	 		298	K 
298	K	 	673	K	 	1023	K	 1323	K	 16h 	473	K	 	298	K 
298	K	 	673	K	 	1023	K	 1423	K	 16h 	473	K	 	298	K 
In all of the reaction products ζ-type RE2Se3 phases (RE = Ho, Tm, Lu) [19, 23, 24, 34] 
were identified as the major phase and in several cases even as the only crystalline phase 
(Figure IV. 1).  
Figure IV. 1: Comparison of powder X-ray diffraction 
patterns of the sample with initial composition 
“HoB3Se4” and calculated pattern of ζ-Ho2Se3 [275]. 
Figure IV. 2: Powder X-ray diffraction patterns of the 
samples prepared from the same starting mixture but 
at different temperatures. Comparison with the 
calculated pattern of ζ-Lu2Se3 [275]. 
The composition of the starting mixture, the amount of sample filled into the BN 
crucibles, and the temperature program used play an important role for the reaction outcome. 
Changes in any of these parameters influenced a difference in the composition of minority 
phases. One such example is shown in Figure IV. 2.   
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In several experiments where unknown phases were obtained next to known binary 
selenides, the chemical transport reaction (transport agent BI3) was used in a two-zone 
furnace. The temperatures at the hot end and the cold end were 1073 K and 473 K, 
respectively. As a product of this method, purified binary selenides were recovered from the 
hot end and orange particles from the cold end. Single crystal X-ray diffraction analyses of the 
orange particles showed them to be in fact amorphous, probably boron selenide.  
 
Spark Plasma Sintering (SPS) 
Pressure sintering methods could be a 
possible synthesis route for rare earth 
selenoborates. The advantage of the SPS 
method is that the high-temperature plasma 
(~ several hundreds to ten thousand degrees 
Kelvin) is momentarily generated in the gaps 
between powder materials by electrical 
discharge (Figure IV. 3). The disadvantage is, 
however, the maximal temperature that can 
be used to heat up starting materials during 
experiments, which cannot exceed 2/3 of the 
lowest melting temperature in respect with 
the reactants (for more details see part II 
chapter 2.3). The dies, punches, and foils 
preventing reactions with the sample used in these experiments were made of graphite. The 
diameter of the dies used was 8.4 mm. 
Several starting mixtures were prepared, from elemental mixtures, mixtures of binary 
selenides and elements, and mixtures of binaries. These mixtures were filled into the sintering 
die between two punches and pressed to 80 MPa. The maximum temperature of 423 K or   
593 K was achieved in 5 min or 10 min, and the holding time was 2 hours. After the 
experiment, the compact pellet was recovered from the graphite foil. Depending on the 
starting mixtures and reaction temperatures, different products were obtained, but mostly only 
crystalline (trigonal) gray selenium (t-Se) and small amounts of RE metal could be identified 
by X-ray powder diffraction techniques (Figure IV. 4).  
Figure IV. 3: Schematic representation of the pulse 
current flow through powder particles inside an SPS 
sintering die, the so called ‘neck’ formation  
[219, 276]. 
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Figure IV. 4: Comparison of the powder X-ray 
diffraction patterns of the “LuB2Se6” (chemical 
composition of the starting mixture) samples, prepared 
from the elements and from mixture of binaries and 
the elements, with calculated patterns of trigonal 
selenium and lutetium. 
Unfortunately, the spark plasma sintering technique didn’t yield any ternary phase in the 
RE–B–Se systems with RE = Sm, Tb – Lu. 
 
High-pressure high-temperature routes 
Hp – HT conditions were also used in order to obtain rare earth selenoborates. Ratios of 
corresponding rare earth metal, boron and selenium of 1:3:6 and 9:5:21 were used. During 
these experiments pressure transmission was realized by octahedra made of MgO with an 
edge length of 18 mm (hydraulic uniaxial press was used where force redistribution is 
accomplished by a Walker-type module [222, 223]). Hexagonal boron nitride (hBN) was used 
as the crucible material. The experiments were performed at 1673 K and 3 GPa and 3.5 GPa 
for 5 hours. No indications for reactions between the container material and the samples were 
observed, and the reaction products could easily be removed from the crucibles.  
All the reaction products were obtained as gray materials with a reddish luster, containing 
mixtures of at least two crystalline phases, out of which the major one in all cases was RESe1.9 
(RE = Sm, Tb – Lu) [277]. Due to overlapping of reflections originating from the crystalline 
phases, the crystal structures could not be determined. EDXS experiments suggest that the 
unidentified phases may be new modifications of rare earth selenides. One exception is the 
reaction product obtained after applying pressure of 3.5 GPa at 1673 K for 5h to the starting 
mixture with nominal composition “Lu9B5Se21”. It was found that the crystal structure of the 
majority phase adopts the DySe1.84 [56, 58] structure type. The powder X-ray diffraction 
pattern was indexed in the orthorhombic Pmn21 space group with Z = 2. The values of the 
lattice parameters are: a = 3.9466(5) Å, b = 8.1656(11) Å, c = 3.9302(5) Å, and the unit cell 
volume is V = 126.66(9) Å³. The crystal structure of new modification of lutetium selenide 
(LuSe1.84) was refined by the Rietveld refinement method [231] using the GSAS software 
package [232, 233] (Figure IV. 5). All the atoms were refined isotropically. To describe the 
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peak shapes during the refinements the Thompson-Cox-Hastings pseudo-Voigt function with 
axial divergence asymmetry [254] was used.  
 
Figure IV. 5: Comparison of the measured and 
calculated powder X-ray diffraction patterns of 
LuSe1.84.  
Figure IV. 6:  Representation of the crystal 
structure of LuSe1.84. 
Table IV. 1 summarizes the details on data collection, crystallographic data and crystal 
structure refinements data for LuSe1.84. Fractional atomic coordinates and isotropic 
displacement parameters are shown in the Table A. 14 in the Appendix.  
Table IV. 1: Crystallographic data and details on powder data collection and structure refinements for LuSe1.84. 
Chemical formula LuSe1.84 
Color gray with pink luster 
Crystal system orthorhombic 
Space group Pmn21 
Temperature (K) 298 
Z 2 
Radiation, λ (Å) Cu Kα1, 1.54056 
Diffractometer Stoe STADIP-MP 
Formula mass (g·mol–1) 320.26 
a (Å) 3.9466(5) 
b (Å) 8.1656(11) 
c (Å) 3.9302(5) 
V (Å³) 126.66(9) 
ρcalc (g·cm
3) 8.40 
2θ range (o) 10 – 100  
Absorption coefficient μ (mm–1) 101.58 
Weighted profile R-factor Rwp 0.050 
Profile R-factor Rp 0.035 
Structure R-factor RF 0.083 
Expected R-factor Rexp 0.020 
DySe1.84 [56, 58] can be related to the family of tetragonal and pseudo-tetragonal 
structures regarded as superstructures of the ZrSSi structure type [49], all containing stackings  
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of two different structural motifs. The first motif is that of infinite square sheets of selenium 
atoms. Between these square sheets there is a second structural motif which is composed of 
double layers of Dy3+ and Se2– ions. Here, The Dy3+ and Se2– ions lie in an alternating 
arrangement such that each Dy3+ has five Se2– neighbors and each Se2– has five Dy3+ 
neighbors. The crystal structure of LuSe1.84 can be described in the same manner (Figures    
IV. 6 and IV. 7). Table IV. 2 shows the interatomic distances (Å) within the coordination 
polyhedra around the Lu3+ and within the selenium layers in the crystal structure of LuSe1.84.  
Table IV. 2: Interatomic 
distances (Å) within the 
coordination polyhedron 
around Lu3+ in the crystal 
structure of LuSe1.84. 
LuSe1.84 
 distance (Å) 
Lu1–Se1 2.879(8) 
Lu1–Se1 2.910(8) 
Lu1–Se1 2.920(2) 
Se2–Se2 2.7820(3) 
Figure IV. 7: Detail of the 
crystal structure of LuSe1.84 
showing the infinite square 
sheets of selenium atoms, 
together with bond distances 
and angles within the infinite 
square sheets. 
 
2. The system La–B–Se  
 
The investigations in the ternary system La–B–Se included different preparation 
techniques, such as high-temperature and Hp – HT routes, with different starting mixtures, 
e.g. with chemical compositions “LaBSe6”, “La3BSe6” and “LaB3Se6” as well as mixtures of 
LaB6 and Se.  
Figure IV. 8: Comparison of the calculated X-ray 
powder diffraction pattern of La2.712Se4 [278] with the 
observed ones obtained from high-temperature 
experiments in the system La–B–Se. The initial 
chemical compositions of the starting mixtures were 
“LaB3Se6” and “LaBSe3”.  
For the high-temperature experiments, the starting mixtures with initial chemical 
compositions “LaB3Se6” and “LaBSe3” were filled into BN crucibles enclosed in Ta 
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ampoules, thereafter placed inside quartz ampoules and heated in an one-zone vertical furnace 
to high temperatures (1023 K to 1423 K). Figure IV. 8 shows the comparison of X-ray powder 
diffraction patterns of the corresponding reaction products. La2.712Se4 [278] was identified in 
both products. The second phase in these samples could be indexed in the trigonal crystal 
system, with lattice parameters a = b = 13.9602 Å and c = 14.6619 Å, space group R3. The 
most probable structure solution, obtained by direct space structure solution methods [230], 
suggests that this phase is a binary compound with composition LaSe2.  
Hp – HT experiments were performed as explained in part II chapter 2.4. The overview 
of the experiments under consideration is given in Table IV. 3. 
  Table IV. 3: Overview of several Hp – HT experiments in the system La–B–Se. 
Experiment 
No. 
Chemical compositions 
of the staring mixtures 
Experimental conditions Reaction products     
(powder X-ray diffraction) p (GPa) T (K) t (h) 
1.  “LaB6 + Se” 3 1673 5 
LaSe2[279] +      
unidentified phase 
2. “2LaB6 + 21Se” 3.5 1673 5 LaSe2 [279] 
3. “La3BSe6” 1 1673 5 
La3Se4 [19] + LaSe2
*) + 
unidentified phase 
4. “La3BSe6” 8 1673 5 LaSe2 [279] 
5. “La3BSe6” 8 1673 10 LaSe2 [279] 
6. “LaB3Se6” 8 1673 5 no identified phases 
*) LaSe2 was found to be isotypic with NdS2-x [280]. 
The reaction products were obtained as multi-phase mixtures. In almost all experiments 
known or novel lanthanum selenides are found (Table IV. 3), while in the reaction product 
from experiment 6 no known phases could be identified. Under “low” pressure conditions     
(1 GPa) La3Se4 [19] was obtained as well as a new modification of LaSe2, isotypic to the 
NdS2-x [280]. Until now, the only rare earth selenide adopting this structure type was TbSe2 
[281]. The lattice parameters of the new binary LaSe2 phase were refined by Le Bail fits [229] 
(a = b = 8.4510(20) Å and c = 8.550(3) Å; tetragonal, space group P4b2, Z = 8). Application 
of intermediate pressure (3 GPa or 3.5 GPa) or high pressure (8 GPa) led to the formation of 
LaSe2 [279] regardless of the initial composition of the starting mixtures. An increase of the 
experiment duration doesn’t influence the final products if longer than 5 hours; otherwise the 
crystallinity of the reaction products is really low.  
If “LaB3Se6” was used as the staring mixture, heated to 1673 K and pressed at 8 GPa for 
5 hours, the reaction product was a mixture of at least two new crystalline phases, as 
suggested by the EDXS analyses. The presence of boron was identified in one phase next to 
the lanthanum and selenium. Trials to separate these two phases are in progress. Figure IV. 9 
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shows the powder X-ray diffraction patterns of the reaction products from the experiments 
listed in Table IV. 3 (page 135). 
 
Figure IV. 9: Observed experimental powder X-ray 
diffraction patterns of the reaction products (top left) 
obtained in experiments 1, 2, 4 and 5 (as listed in the 
Table IV. 3, page 135) with the calculated diffraction 
pattern of LaSe2 [279]; (top) obtained in experiment 
3 (as listed in the Table IV. 3, page 135) with the 
calculated diffraction pattern of LaSe2 [this work] 
and La3Se4 [282]; (bottom left) obtained in 
experiment 6 (as listed in the Table IV. 3, page 135). 
 
3. The system Gd–B–Se  
 
Intensive work was invested in the preparation of gadolinium selenoborates. The high-
temperature route was used with different starting mixtures and heating and cooling 
procedures.  
The following compositions of the starting mixtures were used: ”GdB2Se6”, ”GdB2Se4”, 
”GdB2Se7”, ”Gd2B2Se6”, ”Gd2B2Se5”, ”Gd3B18Se18” and ”GdB3Se6”. Maximum temperatures 
used during these reactions were between 1023 K and 1423 K.   
In all experiments, the corresponding starting mixtures (homogenized by consecutive 
grounding and pressing to 5 kN for at least three times) were filled into BN crucibles which 
then were enclosed in Ta ampoules under inert atmosphere inside an Ar glove box. Thereafter 
the complete experimental setup was placed inside a quartz glass reaction tube and placed 
inside a vertical furnace. During the experiments, a constant stream of Ar was applied flowing 
through the quartz glass ampoule.     
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Figure IV. 10: Comparison of the calculated powder 
X-ray diffraction patterns of Gd2Se3 [32] and Gd2.67Se4 
[278] with the observed one obtained from the high-
temperature experiment, in which starting mixture 
with initial chemical composition “GdB3Se6” was 
heated to 1023 K. Several reflections originating from 
unidentified phases are marked with asterisks. 
 
Figure IV. 11: Observed powder X-ray diffraction 
patterns obtained from high-temperature experiments, 
in which starting mixtures with initial chemical 
compositions “GdB2Se6” and “GdB2Se4” were heated 
to 1423 K. 
The reaction products of these experiments revealed many similarities, and in many of 
them at least one known binary phase, i.e. Gd2Se3 [19, 23, 24] or Gd2.67Se4 [19, 23, 24, 31-
37], could be identified. However, additional reflections in the powder X-ray diffraction 
patterns indicate the presence of new phases (Figure IV. 10). When starting mixtures with 
initial composition “GdB2Se4“ or “GdB2Se6“ were used, no known binary compounds could 
be identified in the reaction products obtained at 1423 K, yet these two reaction products 
comprise the same unidentified phases. The pattern of the unidentified phase can be indexed 
in the orthorhombic crystal system with lattice parameters a = 21.9326 Å, b = 4.0550 Å and    
c = 11.1957 Å, and with the possible space group Pmmn (Figure IV. 11). The crystal structure 
of this phase, however, remains unsolved.  
 
4. The system Y–B–Se  
 
The system Y–B–Se was also investigated. Preparations were performed by the         
Hp – HT route. Starting mixtures “YB3Se6”, reaction temperatures (1673 K) and experiment 
duration (5 h) were kept constant for all experiments, while the pressures applied were varied 
(1 GPa, 3.5 GPa and 8GPa). The experiments were performed in the way described in part II 
chapter 2.4. The reaction products were polycrystalline gray materials with metallic luster.  
In all of the reaction products the known binary phase Y8Se15-x [47] was identified 
(space group Amm2); however differences in lattice parameters (Table IV. 4, Figure IV. 12) of 
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these phases are observed. The reason for this is the different amount of selenium vacancies 
[47]. When the highest pressure of 8 GPa was applied to the “YB3Se6” starting mixture, YSe 
[70] was also present in the reaction product next to the Y8Se15-x [47] phase. This is illustrated 
in the Figure IV. 13. By careful analysis remaining unassigned reflections are identified. 
Interestingly, the unassigned reflections with the same 2θ values are also observed in the 
powder X-ray pattern of one of the reaction products from La–B–Se system (“LaB3Se6“         
@ 8 GPa and 1673 K for 5h; Figure IV. 9, page 136). Therefore, this phase is assumed to not 
contain rare earth metal, but is most probably boron selenide. It was possible to index this 
phase in the trigonal system, with lattice parameters a = b = 4.3649 Å and c = 6.5703 Å. One 
of the possible choices for the space group is P3m.  
Table IV. 4: Overview of lattice parameters of the binary phase Y8Se15-x [47] identified in the Y–B–Se system 
reaction products (for further details see text). 
Exp. No. 
Applied 
Pressure (GPa) 
Lattice 
parameter a (Å) 
Lattice 
parameter b (Å) 
Lattice 
parameter c (Å) 
Unit cell 
volume V (Å³) 
1. 1  12.0252(7) 16.0384(3) 16.5114(6) 3184.47(3) 
2. 3.5 12.0477(4) 16.0912(5) 16.4980(3) 3198.33(1) 
3. 8 12.1548(4) 16.3938(8) 16.4818(2) 3284.22(2) 
 
 
 
Figure IV. 12: Plot of lattice parameters of 
Y8Se15-x [47] vs. applied pressure, identified in 
reaction products of the Y–B–Se system. 
 
Figure IV. 13: Comparison of observed powder X-ray diffraction patterns, obtained from reaction 
products in the Y–B–Se system, with the calculated patterns from known binary phases such as 
Y8Se15-x [47] and YSe [70]. Trace amounts of crucible material, hBN, are present in all the samples. 
Marija Borna  IV On the way to rare earth selenoborates 
139 
 
5. Summary 
 
Investigations in the RE–B–Se systems were conducted by application of different 
preparation routes by varying the experimental parameters and the initial compositions of the 
starting mixtures. Although no crystal structure of a ternary phase in these systems was 
solved, there are indications that such phases can exist, but further investigations are needed.  
One of the reasons that it is more difficult to obtain rare earth selenoborates than rare 
earth thioborates may be that the boron selenide species formed during the reactions are more 
reactive towards the crucible materials than the respective boron sulfide. Additionally, boron 
atoms might be too small to stabilize the structures of complex ternary compounds in the   
RE–B–Se systems. A number of selenide compounds is known in the RE–M’–Se (M’ = Al, 
Ga, In and Ge) systems which adopt the Ce6Al3.33S7 structure type, but so far it was not 
possible to obtain boron-containing phases with related crystal structures.  
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In the course of this study, the application of different preparation routes led to sixteen 
new rare earth thioborates. Their crystal structures were solved and/or refined from powder 
and single crystal X-ray diffraction data, while the local structure around rare earth metal was 
confirmed from the results of the EXAFS analyses. Quantum mechanical calculations were 
used during this work in order to investigate the arrangement of intrinsic vacancies on the 
boron sites in the crystal structures of rare earth thioborates. Thermal, magnetic and optical 
properties of these compounds are also discussed. In addition to the ternary phases, several 
new crystal modifications of the binary rare earth sulfides and selenides, such as μ-Gd2S3 
(P3m), ν-Lu2S3 (Pna21), LuSe1.84 (Pmn21), and LaSe2 (P4b2), as well as quaternary 
compounds, RE3LiSiS7 (RE = Pr, Nd), were found and their crystal structures were solved 
and/or refined from powder X-ray diffraction data.  
The rare earth thioborates discovered during this work are the first examples of ternary 
thioborates containing trivalent cations. These compounds can be divided into two groups of 
isotypic compounds: the rare earth orthothioborates with general formula REIII[BS3]          
(RE = La – Nd, Sm, Gd and Tb) and the rare earth thioborate sulfides with general formula 
RE B5S21, (RE = Gd – Lu, and Y). It is remarkable that gadolinium and terbium form both 
types of the above mentioned rare earth thioborate compounds. 
Besides the more conventional high-temperature (HT) route, which led to preparation of 
the RE[BS3] with RE = La – Nd, metathesis reactions as well as high-pressure high-
temperature (Hp – HT) reactions were used for the syntheses of the series of isotypic RE3+ 
orthothioborates, RE[BS3]. Metathesis reactions enabled the synthesis of the compounds 
obtained from the HT reactions (i.e. Pr[BS3] and Nd[BS3]) in shorter times at lower 
temperatures. By use of the Hp – HT method all the members of the rare earth orthothioborate 
series (except for Ce[BS3]) were obtained, including those with RE = Sm, Gd and Tb, which 
could not be prepared by use of the HT route or by metathesis reactions.  
The crystal structure of the isotypic RE[BS3] compounds was solved and/or refined from 
X-ray powder diffraction data, and was later confirmed by single crystal X-ray diffraction 
analysis of Pr[BS3]. It was found that these compounds crystallize in the orthorhombic space 
group Pna21 with Z = 4. The analysis of the EXAFS data of Pr[BS3] confirmed the local 
structure information around the Pr atoms obtained from X-ray powder diffraction data and 
single crystal X-ray diffraction analysis. In the crystal structure of RE[BS3], the sulfur atoms 
form the vertices of corrugated kagome nets, within which every second triangle is occupied 
by boron and the large hexagons are centered by RE cations. The structural features of the 
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isotypic RE[BS3] phases show great similarities to those of rare earth oxoborates RE[BO3] 
and orthothioborates of alkali and alkaline earth metals as well as to thallium orthothioborate, 
yet pronounced differences are also observed: the [BS3]
3– groups in the crystal structures of 
RE[BS3] are more distorted, where the distortion decreases with the decreasing size of the RE 
element, and the coordination environments of the [BS3]
3– groups in the crystal structures of 
RE[BS3] are different in comparison with the coordination environments of the [BO3]
3– 
groups in the crystal structures of λ-Nd[BO3] [155] and the isotypic o-Ce[BO3] [129].  
The changes in the unit cell dimensions along the RE[BS3] series with decreasing RE
3+ 
ionic size are anisotropic: a continuous decrease of the a lattice parameter is observed, while 
the length of the b axis first decreases and then increases continuously towards Tb. A 
decreasing trend is also observed for the c parameter, however, not linear. 
The results of the IR and Raman investigations are in agreement with the presence of 
[BS3]
3– anions in the crystal structure of RE[BS3]. Thermal analyses revealed the thermal 
stability of these compounds under inert conditions up to ~ 1200 K. At higher temperatures 
decomposition reactions towards RE2S3 and B2S3 take place. Analyses of the magnetic 
properties of the Sm, Gd and Tb thioborates showed that both Gd and Tb phases order 
antiferromagnetically. The magnetic susceptibility for Sm orthothioborate approximately 
follows the Van-Vleck theory for Sm3+. Between 50 K and 62 K a transition appears which is 
independent of the magnetic field: the magnetic susceptibility becomes lower. This effect 
might indicate a discontinuous valence transition of Sm which was further investigated by 
means of XANES and X-ray diffraction using synchrotron radiation, both at low temperatures. 
From these data it was proved that the valence state of Sm doesn’t change and that no 
pronounced structural differences at low temperatures appear. Therefore, the origin of the 
magnetic field independent transition between 50 K and 62 K remains unknown. 
The series of isotypic RE thioborate sulfides with composition RE9B5S21,                     
(RE = Tb – Lu, and Y) was obtained by the application of Hp – HT conditions to starting 
mixtures with the initial chemical composition “REB3S6“, after careful optimization of the 
pressure, temperature and treatment time, as well as the composition of the starting mixtures. 
Tb9B5S21 was also obtained by application of Hp – HT conditions to starting mixtures of 
composition RE:B:S = 1:3:6. However, the synthesis of the Tb phase is successful only, in 
case that crystalline boron is used instead of amorphous boron. A new gadolinium thioborate 
sulfide, Gd9B5S21 was obtained from the experiments initially performed in order to obtain 
Gd[BS3] samples doped with Ce, Eu, and Tb. It was found that Gd9B5S21 phase is an isotype 
to the series RE9B5S21 with RE = Tb – Lu and Y. 
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The crystal structures of the isotypic compounds with general formula RE9B5S21,         
and Ce6Al3.33S14 [17] as aristotype structure (hexagonal, space group P63, Z = 2/3) and are 
closely related to the large family of compounds with general formula RE3MM’Q7, where M 
and M’ are metals or metalloids and Q is a chalcogen. However, in the case of the RE9B5S21 
compounds, M and M’ stand for a non-metallic element, namely boron, which makes these 
series of compounds unique. The crystal structures of the RE9B5S21 compounds were refined 
from X-ray powder diffraction data. The special features of these crystal structures, 
concerning boron site occupancies and different coordination environments of the two 
crystallographically different boron sites, were investigated in more detail by means of 
quantum chemical calculations, electron diffraction methods, optical and X-ray absorption 
spectroscopy as well as by 11B NMR spectroscopy. The results obtained from these different 
experimental and computational methods are in good mutual agreement. The crystal 
structures of the RE9B5S21 compounds are characterized by two types of anions: tetrahedral 
[BS4]
5– and trigonal planar [BS3]
3– as well as [(S2–)3] units. Isolated [BS4]
5– tetrahedra (all 
pointing with one of their apices along the polar [001] direction) represent a unique feature of 
the crystal structure which is observed for the first time in a thioborate compound. The 
tetrahedra are stacked along the three-fold rotation axes. Vacancies are located at the trigonal 
planar coordinated boron site with preferred ordering –B–B––B–B–– along [001]. No 
superstructure is observed by means of electron diffraction methods as adjacent columns are 
shuffled along the c axis, giving rise to a randomly distributed vacancy pattern. Positions of 
the sulfur atoms within the [(S2–)3] substructure as well as planarity of the [BS3]
3– units 
were investigated in more detail by means of quantum mechanical calculations. 
Results of the IR and Raman spectroscopy, as well as of the 11B NMR spectroscopy are in 
agreement with the presence of the boron atoms in two different coordination environments. 
Thermal analyses showed that compounds RE9B5S21 are stable under inert atmosphere up to ~ 
1200 K; at higher temperatures the evolution of B2S3 begins.  
It was observed that the changes in the unit cell dimensions with the decrease in RE3+ 
ionic size along the series of RE9B5S21 compounds are not uniform: a continuous decrease of 
the a and b lattice parameters is observed, while the c parameter remains nearly constant 
along the series. Interestingly, the series of related compounds RE3Ge1.25S7, (RE = Ce – Sm, 
Gd – Ho) [269], adopting the same structure type, exhibits the same phenomenon. 
In accordance with the combined results of experimental and computational 
investigations, the chemical formula of the RE9B5S21 compounds is consistent with 
RE3[BS3]2[BS4]3S3.  
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A short overview of investigations towards rare earth selenoborates, where in most of the 
cases only known binary rare earth selenides could be identified, is presented as well in this 
work. Investigations in the RE–B–Se systems were conducted by the application of different 
preparation routes by varying the experimental parameters and the initial compositions of the 
starting mixtures. Although no crystal structure of a ternary phase in these systems could be 
solved, there are indications that such phases exist, but further investigations are needed.  
This work has opened the new, almost unexplored field of ternary rare earth 
chalcogenides. Until 2008, only one compound, EuB2S4 [2], was known in these systems. In 
the present study, several new ternary compounds, with the rare earth metals in the trivalent 
state, that belong to two different isotypic series, were obtained. Neither one of the two series, 
however, comprises europium thioborate, but both contain gadolinium and terbium thioborate 
compounds. One of the aspects for further work could be founded on europium thioborates 
containing europium in the trivalent state, as well as on obtaining the missing members of the 
isotypic series, i.e. hexagonal modification containing samarium (Sm9B5S21), or the 
orthorhombic one containing dysprosium (Dy[BS3]). 
Although crystal structures, physical, optical and thermal properties of the novel ternary 
rare earth thioborates were investigated, and for most understood, several questions remained 
unanswered, i.e. the  origin of the magnetic field independent transition between 50 K and     
62 K, observed in the magnetic measurements for the Sm orthothioborate as well as the 
thermal decomposition mechanisms for RE[BS3] and RE9B5S21 compounds. 
For more precise crystal structure refinements, better study of the optical properties and 
the more detailed interpretation of 11B NMR spectroscopy data higher quality of the reaction 
products is required, especially for the series of isotypic RE9B5S21 compounds. Further 
optimization and development of the preparation routes are therefore needed in order to obtain 
single crystals instead of micro-crystalline powders, as well as pure rare earth thioborate 
compounds. In addition, the sample purification from a by-product phase, boron sulfide, 
should be improved. 
Neutron diffraction studies could be a powerful tool to confirm the boron positions in the 
crystal structure of the isotypic series RE9B5S21 which, however, requires a large amount of 
sample (between 3 g and 6 g). Up to now, the yield of one Hp – HT experiment, however, is 
not more than 50 mg. Optimization of the HT route towards the preparation of Yb9B5S21 (Yb 
has the lowest melting point, Tm = 1092 K, of all RE elements forming this type of rare earth 
thioborate sulfides) is also needed.  
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Additional work on further optimization and development of the preparation routes as 
well as the composition of the starting mixture is required in order to prepare Gd[BS3] 
samples doped with Ce, Eu, and Tb (to investigate their fluorescent and luminescent 
properties), rare earth selenoborates, as well as new crystallographic modifications of rare 
earth thioborates. 
Finally, further efforts should be invested in characterization of several new phases, 
obtained during this work, which remain unknown up to now. 
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Due to the air and moisture sensitivity of the starting materials and reaction products, 
the syntheses of rare earth chalcogenoborates were performed in inert conditions. In case that 
oxygen is present in the reaction setup, oxidation of the starting materials is inevitable, yet 
partial or complete depends on the amount of oxygen present in the system. For example, 
during one of the high-temperature synthesis (Tmax = 1473 K), the argon gas used to prevent 
the oxidation of the tantalum ampoule, contained a significant amount of oxygen, which 
caused the partial oxidation of tantalum ampoule. This was, however, sufficient to allow for 
oxygen to come in contact with the starting mixture, causing its partial oxidation as well. 
After the reaction, several phases were identified in the mixture by means of powder X-ray 
diffraction, one of them being β-Lu[BO3] (space group R3c h, Z = 6) [18] (Figure A. 1). 
Figure A. 1: Comparison of the observed X-ray powder diffraction pattern, obtained from 
the reaction product of “LuB3S6” heated to 1473 K, in the presence of oxygen, with the 
calculated ones for Lu2S3 [283], LuB4 [284], LuB12 [285], Lu2O2S [286] and Lu[BO3] [18]. 
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Table A. 1: Different structure types of rare earth polyselenides and polysulfides. 
Structure type Polyselenides Structure type Polysulfides 
CeSe2 (P21/c) [40] 
LaSe2 [287],         
CeSe2 [40], PrSe2 [43], 
NdSe2 [43] 
CeS2 (Pn21a) [288] LaS2 [289], CeS2 [288] 
UAs2 (P4/nmm) [290] 
LaSe2 [291], CeSe2 
[291], NdSe2 [291], 
NdSe1.9 [64], PrSe2 
[291], PrSe1.9 [292], 
SmSe2 [291], SmSe1.8 
[293], ErSe2 [294], 
TmSe2 [294], YbSe2 
[294], LuSe2 [294], 
YSe1.83 [295] 
UAs2 (P4/nmm) [290] 
LaS2 [296], CeS2 [296], 
PrS2 [296], NdS2 [296], 
GdS1.82 [57], HoS1.885 
[297], YbS2 [296],   
YbS1.70 [298] 
Gd8Se15 (Amm2) [299] 
Gd8Se15 [299],   
Tb8Se15-x [47],  
Dy8Se15-x  [47], 
Ho8Se15-x  [47],  
Er8Se15-x  [47],     
Y8Se15-x  [47] 
LaS2 (β type) (Pnma) 
[300] 
LaS2 [300], LaS1.96 
[301],CeS2 [302] 
TbSe2 (P4b2) [281] TbSe2 [281] NdS2 (P4b2) [303] 
PrS2 [296], PrS1.70 [304], 
PrS1.75 [296], GdS2 [303], 
GdS1.90 [63], GdS1.75 [304], 
TbS2 [303], TbS1.78 [304], 
DyS2 [303], DyS1.89 [63], 
HoS2 [303], ErS2 [303], 
TmS2 [303], YbS2 [303], 
LuS2 [303] 
PrSe1.85                     
(P4/n(αβ1/2)( β–α
1/2)00) 
[53] 
LaSe1.85 [55],    
CeSe1.83 [55],     
PrSe1.85 [53],      
NdSe1.83 [55],   
SmSe1.84 [55] 
PrS2 (P21/b) [305] PrS2 [305] 
SrS2 (I4/mcm) [61] EuSe2 [61] BaS2 (C2/c) [290] YbS2 [65] 
DySe1.84 (Pmn21) [56] DySe1.84 [56] HoS1.863 (P21/m) [297] 
HoS1.863 [297],        
HoS1.837 [297] 
DySe1.84 (P4/nmm) [58] DySe1.84 [58] TbS2 (P21/m) [281] TbS2 [281] 
DySe2 (Cmme) [306] DySe2 [306] Dy12S21.2 (P21/m) [307] Dy12S21.2 [307] 
YSe1.83 (P4/nmm) [295] YSe1.83 [295]   
UTe2  (Immm) [308] ErSe2 [308]   
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 Table A. 2: Overview of nonstoichiometric rare earth hexaborides. 
Rare earth metal RE deficient REB6 B deficient REB6 B excess REB6 
La 
La0.983B6 [310] 
La0.987B6 [310] 
La0.97B6 [311] 
LaB5.9 [312]  
Ce Ce0.98B6 [313] 
CeB5.64 [314] 
CeB5.66 [315] 
CeB6.1 [313] 
Nd Nd0.98B6 [316]   
Sm Sm0.9B6 [317] 
SmB5.49 [318] 
SmB5.65 [319] 
SmB5.7 [313] 
SmB5.76 [294] 
SmB5.82 [318] 
 
Eu Eu0.98B6 [319]   
Gd Gd0.91B6 [311]   
 
 
 
Table A. 3: Unit cell parameters of RE3LiSiS7. 
RE3LiSiS7 Space group a (Å) c (Å) V (Å³) 
Pr3LiSiS7 P63 10.1351(3) 5.7268(2) 509.45(5) 
Nd3LiSiS7 P63 10.0582(11) 5.7193(10) 501.08(8) 
 
Figure A. 2: X-ray powder diffraction patterns (observed and calculated from Rietveld 
refinements) of Pr3LiSiS7. 
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Table A. 4: Unit cell parameters of Pr[BS3] obtained from different preparation routes. 
 a (Å) b (Å) c (Å) V (Å³) 
High-temperature route 7.5596(5) 6.0067(3) 8.8943(5) 403.88 
Metathesis reaction 7.5523(9) 6.0038(7) 8.8906(10) 403.14 
Hp – HT route 7.5589(13) 6.0093(11) 8.8967(13) 404.12 
 
Table A. 5: Unit cell parameters of Nd[BS3] obtained from different preparation routes. 
 a (Å) b (Å) c (Å) V (Å³) 
High-temperature route 7.4869(3) 6.0055(2) 8.8581(3) 398.29 
Metathesis reaction 7.4812(6) 6.0020(4) 8.8517(7) 397.46 
Hp – HT route 7.4863(16) 6.0109(15) 8.8646(16) 398.90 
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Table A. 6: RE[BS3] (RE = La – Nd, Sm, Gd, Tb): Fractional atomic coordinates and isotropic displacement 
parameters, obtained from powder X-ray diffraction refinements. 
Atom Site x y z UISO (Å
2) 
La[BS3]      
La1 4a 0.8872(4) 0.5716(5) 0.7421(3) 0.0132(7) 
S1 4a 1.0003(1) 0.9073(2) 0.226 (1) 0.0180(3) [b] 
S2 4a 0.1736(2) 0.6633(3) 0.5345(1) 0.0180 
S3 4a 0.2948(2) 0.1425(3) 0.4490(1) 0.0180 
B1 4a 0.3573(7) 0.4061(9) 0.9072(2) 0.0180 
Ce[BS3]      
Ce1 4a 0.8855(6) 0.5702(7) 0.7547(3) 0.0096(9) 
S1 4a 1.0006(2) 0.8964(3) 0.2716(1) 0.0127(3) [b] 
S2 4a 0.2016(3) 0.6670(2) 0.5428(2) 0.0127 
S3 4a 0.3252(2) 0.1363(3) 0.4604(2) 0.0127 
B1 4a 0.3427(2) 0.4183(2) 0.7547(3) 0.0190(5) 
Pr[BS3]      
Pr1 4a 0.88487(8) 0.56806(10) 0.7474(4) 0.0078(17) 
S1 4a 0.9911(2) 0.8908(5) 0.2714(2) 0.0106(6) [b] 
S2 4a 0.2011(5) 0.6664(4) 0.5435(2) 0.0106 
S3 4a 0.3179(4) 0.1366(4) 0.5435(3) 0.0106 
B1 4a 0.3503(4) 0.4162(4) 0.9301(3) 0.0159(9) 
Nd[BS3]      
Nd1 4a 0.88425(5) 0.56774(6) 0.7550(4) 0.0069(8) 
S1 4a 0.99474(19) 0.8966(4) 0.2705(2) 0.0089(3) [b] 
S2 4a 0.1796(3) 0.6674(3) 0.55601(18) 0.0089 
S3 4a 0.2943(3) 0.1329(4) 0.46569(17) 0.0089 
B1 4a 0.3494(12) 0.3898(13) 0.9189(3) 0.0133(7) 
Sm[BS3]      
Sm1 4a 0.8834(2) 0.5643(3) 0.765(2) 0.0015(3) 
S1 4a 0.9992(8) 0.893(1) 0.255(1) 0.004(1) [a] 
S2 4a 0.177(1) 0.666(2) 0.5582(9) 0.004 
S3 4a 0.295(1) 0.142(2) 0.4637(8) 0.004 
B1 4a 0.352(3) 0.401(3) 0.924(1) 0.004 
Gd[BS3]      
Gd1 4a 0.88073(12) 0.56133(13) 0.7563(5) 0.0043(3) 
S1 4a 0.9829(2) 0.8829(7) 0.2814(2) 0.0143(1) [a] 
S2 4a 0.2210(6) 0.6593(3) 0.5433(3) 0.0143 
S3 4a 0.3343(3) 0.1334(3) 0.4489(3) 0.0143 
B1 4a 0.3357(2) 0.4073(2) 0.9293(2) 0.0143 
Tb[BS3]      
Tb1 4a 0.11887(9) 0.4423(1) 0.2228(7) 0.0137(2) 
S1 4a 0.5072(3) 0.3782(4) 0.7108(4) 0.0123(5) [a] 
S2 4a 0.2051(5) 0.6448(6) 0.5169(3) 0.0123 
S3 4a 0.3211(6) 0.1641(5) 0.4137(3) 0.0123 
B1 4a 0.3478(7) 0.3972(8) 0.5467(4) 0.0123 
[a] The isotropic displacement parameters of sulfur and boron atoms were constrained to be equal. 
[b] The isotropic displacement parameters of sulfur atoms were constrained to be equal and the corresponding parameter of the boron 
site was considered to be 1.5 times that of the attached sulfur atoms. 
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Table A. 7: Atomic coordinates (top) and displacement parameters (bottom) for Pr[BS3], obtained from single 
crystal X-ray diffraction refinements. 
Atom Site x y z 
Pr1 4a 0.88556(3) 0.06989(3) 0.4335(1) 
S1 4a 1.0002(2) –0.4018(2) 0.4437(3) 
S2 4a 1.2039(2) 0.1374(2) 0.6370(2) 
S3 4a 0.8255(2) −0.1631(2) 0.7272(2) 
B1 4a 0.8551(8) –0.4042(9) 0.6045(8) 
 
Atom U11 (Å
2) U22 (Å
2) U33 (Å
2) U12 (Å
2) U13 (Å
2) U23 (Å
2) 
Pr1 0.0115(1) 0.0155(1) 0.0156(1) 0.00123(6) 0.0004(2) 0.0006(1) 
S1 0.0132(4) 0.0199(4) 0.0191(6) 0.0025(3) 0.0017(7) −0.0012(6) 
S2 0.0152(6) 0.0140(5) 0.0180(7) 0.0004(4) 0.0008(5) 0.0013(5) 
S3 0.0138(6) 0.0139(4) 0.0168(7) −0.0009(4) −0.0003(5) −0.0004(4) 
B1 0.012(2) 0.017(2) 0.016(3) −0.000(2) −0.003(2) −0.000(2) 
 
Table A. 8: Crystallographic data and details on powder data collection and structure refinements for μ-Gd2S3. 
Chemical formula Gd2S3 
Color brown 
Crystal system trigonal 
Space group P3m 
Temperature (K) 298 
Z 1 
Radiation, λ (Å) Cu Kα1, 1.54056 
Diffractometer Huber G670 
Formula mass (g·mol–1) 410.71 
a (Å) 3.8537(1) 
b (Å) 3.8537(1) 
c (Å) 6.6678(8) 
V (Å³) 85.76(3) 
ρcalc (g·cm
3) 7.952 
2θ range (o) 20 – 100  
Absorption coefficient μ (mm–1) 262.29 
Weighted profile R-factor Rwp 0.054 
Profile R-factor Rp 0.032 
Structure R-factor RF 0.066 
Expected R-factor Rexp 0.014 
 
 
Table A. 9: Fractional atomic coordinates and isotropic displacement parameters in the crystal structure of 
Gd9B5S21, obtained from powder X-ray diffraction refinements. 
Gd9B5S21 
Atom Site x y z UISO (Å
2) 
Gd1 6c 0.3740(1) 0.1473(1) 0.3082(11) 0.0136(2) 
S1 6c 0.1455(8) 0.2159(5) 0.3732(14) 0.0662 (3) [a] 
S2 6c 0.1209(5) 0.5318(8) 0.1082(11) 0.0662 
S3 2b 0.3333 0.6667 0.5748(14) 0.0662 
B1 2b 0.3333 0.6667 0.2397(18) 0.0993(2) 
B2 2a 0.0 0.0 0.3732(14) 0.0993 
[a] The isotropic displacement parameters of sulfur atoms were constrained to be equal and the corresponding parameter of the boron site 
was considered to be 1.5 times that of the attached sulfur atoms. 
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The new crystal modification of lutetium sesquisulfide, ν-Lu2S3 
The ternary compounds of nominal composition RE9B5S21, (RE = Dy – Lu, and Y) were 
prepared from mixtures of the respective RE metals, amorphous boron and sulfur in the molar 
ratio 1:3:6 by high-pressure high-temperature synthetic route. In several cases binary rare 
earth sulfides were formed if molar ratios corresponding to the chemical composition of the 
isotypic compounds (“RE9B5S21”) were used for the preparation of the starting mixtures. In 
majority of experiments only known binary compounds were obtained. However, new crystal 
modification of binary lutetium sulfide, ν-Lu2S3, was identified as the reaction product of          
Hp – HT experiments (3.5 GPa at 1673 K for 5h) when the molar ratio Lu:B:S = 9:5:21 was 
used for preparing the starting mixture.  
Table A. 10: Crystallographic data and details on powder data collection and structure refinements for ν-Lu2S3. 
Chemical formula ν-Lu2S3 
Color orange 
Crystal system orthorhombic 
Space group Pna21 
Temperature (K) 298 
Z 4 
Radiation, λ (Å) Cu Kα1, 1.54056 
Diffractometer Huber G670 
Formula mass (g·mol–1) 446.12 
a (Å) 9.4913(2) 
b (Å) 12.2315(2) 
c (Å) 3.7106(4) 
V (Å³) 430.77(3) 
ρcalc (g·cm
3) 6.879 
2θ range (o) 10 – 100  
Absorption coefficient μ (mm–1) 97.42 
Weighted profile R-factor Rwp 0.015 
Profile R-factor Rp 0.010 
Structure R-factor RF 0.155 
Expected R-factor Rexp 0.018 
It was found that novel Lu2S3 crystallizes in orthorhombic space group Pna21 (Z = 4) 
with lattice parameters: a = 9.4913(2) Å, b = 12.2315(2) Å, c = 3.7106(4) Å, and unit cell 
volume V = 430.77(3) Å³ (the lattice parameters of ν-Lu2S3 were determined and refined at 
ambient temperature from powder X-ray diffraction experiments). The crystal structure of the 
ν-Lu2S3 was solved from X-ray powder diffraction data by Monte Carlo indexing [229] and by 
direct space structure solution methods [230]. Subsequently, the Rietveld refinement method 
[231] was applied by using the GSAS software package [232, 233] (Table A. 10 and Figure 
A. 3). To describe the peak shapes during the refinements the Thompson-Cox-Hastings 
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pseudo-Voigt function with axial divergence asymmetry [254] was used. All the atoms were 
refined isotropically. Fractional atomic positions are shown in Table A. 11. 
 
Figure A. 3: Comparison of the observed and calculated powder X-ray diffraction 
patterns of the ν-Lu2S3. 
In the crystal structure of the ν-Lu2S3, Lu atoms are coordinated by 6 or 7 sulfur atoms, 
forming distorted octahedra and monocapped trigonal prisms, respectively (Figure A. 4). 
Layers of (A) corner-sharing LuS6 octahedra and of (B) edge-shearing LuS7 monocapped 
trigonal prisms are running along [100] and are stacked along [010] in the sequence ABAB.  
Table A. 11: Fractional atomic coordinates and isotropic displacement parameters in the crystal structure of 
the ν-Lu2S3, obtained from powder X-ray diffraction refinements. 
ν-Lu2S3 
Atom Site x y z UISO (Å
2) 
Lu1 4a 0.9753(2) 0.2544(3) 0.0865(3) 0.0127(2) 
Lu2 4a 0.7206(3) 0.5031(2) 0.1207(9) 0.0127(2) 
S1 4a 0.2598(16) 0.8318(8) 0.5939(19) 0.0461(4) 
S2 4a 0.9668(14) 0.8918(10) 0.0960(18) 0.0461(4) 
S3 4a 0.4051(12) 0.0964(11) 0.5583(18) 0.0461(4) 
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Figure A. 4: Different views of the crystal structure of ν-Lu2S3. Coordination polyhedra around Lu atoms are 
denoted by red (LuS6) and green (LuS7). 
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Table A. 12: Fractional atomic coordinates and isotropic displacement parameters in the crystal structures of 
RE9B5S21, (RE = Tb – Lu), obtained from powder X-ray diffraction refinements.  
Tb9B5S21 
Atom Site x y z UISO (Å
2) 
Tb1 6c 0.3743(1) 0.1466(9) 0.3105(5) 0.0336(2) 
S1 6c 0.1253(8) 0.2143(5) 0.3846(5) 0.0288(1) 
S2 6c 0.1133(9) 0.5374(6) 0.1167(9) 0.0288 
S3 2b 0.3333 0.6667 0.5427(3) 0.0288 
B1 2b 0.3333 0.6667 0.2334(7) 0.0288 
B2 2a 0.0 0.0 0.3846(5) 0.0288 
Dy9B5S21 
Atom Site x y z UISO (Å
2) 
Dy1 6c 0.3775(3) 0.1492(3) 0.3088(13) 0.0268(4) 
S1 6c 0.2330(13) 0.0903(15) 0.8826(17) 0.0300(19) 
S2 6c 0.5376(8) 0.4244(9) 0.6054(17) 0.0300 
S3 2b 0.3333 0.6667 0.5602(12) 0.0300 
B1 2b 0.3333 0.6667 0.2293(13) 0.0300 
B2 2a 0.0 0.0 0.8826(17) 0.0300 
Ho9B5S21 
Atom Site x y z UISO (Å
2) 
Ho1 6c 0.37830(12) 0.15062(12) 0.3161(8) 0.0239(2) 
S1 6c 0.1371(6) 0.2341(4) 0.3867(9) 0.0154(7) 
S2 6c 0.1130(5) 0.5279(6) 0.1139(9) 0.0154 
S3 2b 0.3333 0.6667 0.5637(12) 0.0154 
B1 2b 0.3333 0.6667 0.2364(21) 0.0154 
B2 2a 0.0 0.0 0.3867(9) 0.0154 
Er9B5S21 
Atom Site x y z UISO (Å
2) 
Er1 6c 0.37888(20) 0.15245(19) 0.3598(16) 0.0140(3) 
S1 6c 0.1340(13) 0.2160(9) 0.2879(19) 0.0289(19) 
S2 6c 0.1054(10) 0.5253(13) 0.1357(19) 0.029 
S3 2b 0.3333 0.6667 0.5613(20) 0.029 
B1 2b 0.3333 0.6667 0.2336(23) 0.029 
B2 2a 0.0 0.0 0.2879(19) 0.029 
Tm9B5S21 
Atom Site x y z UISO (Å
2) 
Tm1 6c 0.37831(10) 0.15160(10) 0.3144(7) 0.0192(2) 
S1 6c 0.1367(6) 0.2323(4) 0.3977(8) 0.0126(9) 
S2 6c 0.1109(5) 0.5354(6) 0.1099(9) 0.0126 
S3 2b 0.3333 0.6667 0.5649(12) 0.0126 
B1 2b 0.3333 0.6667 0.236(3) 0.0126 
B2 2a 0.0 0.0 0.3977(8) 0.0126 
Yb9B5S21 
Atom Site x y z UISO (Å
2) 
Yb1 6c 0.37889(6) 0.15252(5) 0.3040(4) 0.0186(1) 
S1 6c 0.2325(3) 0.0967(4) 0.8890(5) 0.0155(1) 
S2 6c 0.5350(4) 0.4252(3) 0.5976(6) 0.0155 
S3 2b 0.3333 0.6667 0.5570(9) 0.0155 
B1 2b 0.3333 0.6667 0.2283(23) 0.0155 
B2 2a 0.0 0.0 0.8890(5) 0.0155 
Lu9B5S21 
Atom Site x y z UISO (Å
2) 
Lu1 6c 0.37962(14) 0.15436(14) 0.3142(17) 0.0178(4) 
S1 6c 0.1358(10) 0.2322(7) 0.4023(18) 0.0173(16) 
S2 6c 0.1134(8) 0.5382(10) 0.1047(19) 0.0173 
S3 2b 0.3333 0.6667 0.5650(22) 0.0173 
B1 2b 0.3333 0.6667 0.239(4) 0.0173 
B2 2a 0.0 0.0 0.4023(18) 0.0173 
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Table A. 13: Fractional atomic coordinates and isotropic displacement parameters in the crystal structure of 
Y9B5S21, obtained from powder X-ray diffraction refinements. 
Y9B5S21 
Atom Site x y z UISO (Å
2) 
Y1 6c 0.3751(2) 0.1507(2) 0.3063(8) 0.0165(4) 
S1 6c 0.2341(5) 0.0982(7) 0.8834(9) 0.0161(9) 
S2 6c 0.5361(6) 0.4281(6) 0.5998(10) 0.0161 
S3 2b 0.3333 0.6667 0.5586(15) 0.0161 
B1 2b 0.3333 0.6667 0.189(5) 0.0161 
B2 2a 0.0 0.0 0.8834(9) 0.0161 
 
Table A. 14: Fractional atomic coordinates, atom site occupancies and isotropic displacement parameters of 
LuSe1.84, obtained from powder X-ray diffraction refinements. 
Atom Site x y z Atom site 
occupancy 
UISO (Å
2) 
Lu1 2a 0 0.7279(1) 0.4783(17) 1.0 0.0143(5) 
Se1 2a 0 0.3700(3) 0.6164(15) 1.0 0.0357(22) 
Se2 2a 0 0.9986(11) 0.0324(8) 0.794 0.0216(12) 
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Figure I. 1: Numbers of known crystal structures of ternary chalcogenoborates (ICSD 2008-2 [1]). 
 
Figure I. 2: Schematic drawings of (a) a B6 octahedron, (b) a B12 cuboctahedron and (c) a B12 
icosahedron. 
 
Figure I. 3: Representation of NdB4 structure [93] viewed along [001]. 
 
Figure I. 4: Representation of REB12 structure [98].  
 
Figure I. 5: (a) 13-icosahedron unit (B12)12B12 (supericosahedron), and (b) B80 cluster unit [103]. 
 
Figure I. 6: (a) Crystal structure of B2S3; (b) Strand structure of (BS2)n and (BSe2)n; (c) Crystal 
structure of B8S16 [6]. 
 
Figure I. 7: (a) Crystal structure model of r-BS; (b) Basic atomic arrangement in r-BS [114]. Basic 
cluster units in B2S3-III: (c) MT-1 and (d) MT-2 [111]. 
 
Figure I. 8: Calcium carbonate minerals (top) and representation of RE oxoborates adopting their 
crystal structures (bottom): (a) Calcite and β-Sc[BO3] [168]; (b) Aragonite and λ-Nd[BO3] [155]; and 
(c) Vaterite and (Y0.92Er0.08)[BO3] [151].  
 
Figure I. 9: Crystal structure of RE3B5O12 viewed along [010] [163].  
 
Figure I. 10: Structurally characterized B–S entities in thioborate compounds [6]: (a) [BS3]
3–,            
(b) [B2S4]
2–, (c) [B2S5]
4–, (d) [B2S5]
2–, (e) [B2S6]
4–, (f) [B2S7]
6–, (g) [B2S7]
4–, (h) [B3S6]
3–, (i) [B3S8]
5–,   
(j) [B3S9]
6–, (k) [B3S10]
8–, (l) [B3S10]
4–, (m) [B4S10]
8–, (n) [B10S20]
10–, (o) [B12(BS3)6]
8–. 
 
Figure I. 11: Representation of Cs2[B2S4] structure viewed along [010] (left) and [001] (right). 
 
Figure I. 12: View of a B3S3 ring with three connected four-membered B2S2 rings with boron in 
tetrahedral coordination in the crystal structure of TlBS2 [188, 199]. 
 
Figure I. 13: Crystal structure of CuBS2, a thioborate compound synthesized under elevated pressure. 
 
Figure I. 14: Alkaline earth thioborate compounds containing 3D, 2D, and 1D polymeric anions, with 
boron in tetrahedral coordination (and in trigonal-planar coordination in the BaB2S4 crystal structure), 
not based on B–S macrotetrahedra and without S–S bonds. 
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Figure I. 15: Several examples of thioborate compounds containing B–S macrotetrahedra connected to 
3D networks. Often, two interpenetrating networks are present in the crystal structure in order to 
eliminate voids. 
 
Figure I. 16: Several examples of thioborate compounds containing 2D, 1D, and 0D anions based on 
B–S macrotetrahedra. 
 
Figure I. 17: 3D anionic substructure in the crystal structure of Li7B7Se15, viewed along [001], formed 
by entities of composition [B7Se13]
5–. 
 
Figure I. 18: Selenoborate compounds containing anions with Se–Se bonds. In all cases the B atoms 
are in tetrahedral coordination. 
 
Figure I. 19: Representation of persubstituted selenoborato-closo-dodecaborate anion and its 
coordination to metal cations found in M8B18Se18 and M4Hg2[B12(BSe3)6] compounds, M = Rb, Cs. 
 
Figure I. 20: Three different substitution patterns in the crystal structure of K8[B12(BSe3)6] [209]. The 
anions B and C form an enantiomorphic couple, while for anion A the same arrangement of the BSe3 
ligands as in M8[B12(BSe3)6] and M4Hg2[B12(BSe3)6] (M = Rb, Cs) [209, 211, 212] is found. 
 
Figure I. 21: Although selenoborates with persubstituted selenoborato-closo-dodecaborate anions 
mostly form isolated complex anions, examples of 1D and 3D polymeric anions are found in 
Na6[B18Se17] and Na6[B18Se16], respectively. (top) Neighboring cluster entities in the crystal structures 
of Na6[B18Se17] and Na6[B18Se16] connected via exocyclic selenium atoms and via seleno- and 
perselenobridges, respectively. (bottom) Representation of the crystal structures of Na6[B18Se17] and 
Na6[B18Se16]. 
 
Figure I. 22: Views along [100] and [001] on the EuB2S4 crystal structure.  
 
Figure I. 23: Representation of the anionic part of the EuB2S4 crystal structure. 
____________ 
Figure II.1: Quartz glass ampule after the reaction procedure, attacked by boron chalcogenides at 
elevated temperatures. 
 
Figure II. 2: Reaction setup after the reaction process. The Argon used in this case contained ~ 5 % 
oxygen, causing oxidation of the Ta ampoule. The sample, located in the BN crucible, thereafter 
reacted with oxygen, too. 
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Figure II. 3: Tantalum lids after the high-temperature reaction processes. Materials deposited on the 
inner surfaces are boron chalcogenide glasses. Their color depends on the chalcogen element and on 
the RE metal used. Namely, above ~ 673 K, boron chalcogenides are gaseous. It is probable that 
gaseous phase transports small amounts of RE chalcogenides, which are formed during the reaction, 
and condenses on the inner surfaces of tantalum lids. RE chalcogenides are colored intensively, which 
gives rise to differently colored boron chalcogenide glasses. 
____________ 
Figure III. 1: Comparison of the powder X-ray diffraction pattern of polycrystalline Pr[BS3] and the 
calculated pattern resulting from single crystal X-ray determinations of the same sample [13]. 
 
Figure III. 2: Comparison of the observed powder X-ray diffraction patterns of polycrystalline 
Nd[BS3] obtained by the high-temperature route (bottom) and by the high-pressure high-temperature 
route (top). 
 
Figure III. 3: Observed and calculated powder X-ray diffraction patterns of polycrystalline Nd[BS3], 
obtained by the high-temperature route, and Tb[BS3], obtained by the  Hp – HT route.  
 
Figure III. 4: BSE image of microcrystalline Nd[BS3] obtained by the high-temperature route. 
 
Figure III. 5: Dependence of lattice parameters and unit cell volumes of RE[BS3] from the ionic size of 
RE3+ (coordination number (CN) 9). The values of the ionic radii for RE3+ with the CN = 9 were taken 
from [172].  
 
Figure III. 6: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
RE[BS3], RE = La, Ce (left) and RE = Pr (right). 
 
Figure III. 7: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
RE[BS3], RE = Nd (left) and RE = Sm, Tb (right).  
 
Figure III. 8: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
Gd[BS3]. 
 
Figure III. 9: Representation of the crystal structure of RE[BS3] viewed along [001] (left) and [010] 
(right).  
 
Figure III. 10: Coordination environment of RE cations in the crystal structures of RE[BS3] (left) and 
the isotypic phases o-Ce[BO3] [129] and λ-Nd[BO3] [155] (right). 
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Figure III. 11: Environment of the [BS3]
3– unit in RE[BS3] (left) and of [BO3]
3– in o-Ce[BO3] [129] 
and λ-Nd [BO3] [155] (right).  
 
Figure III. 12: IR spectrum of Gd[BS3] in the region from 500 cm
–1 to 2000 cm–1 (top left). For 
comparison reasons, the Raman spectrum of this compound is also shown. The insets 1 (bottom left) 
and 2 (bottom right) show the (A ) and (E ) modes and the (E ) vibrational modes, respectively, 
of [BS3]
3– units. 
 
Figure III. 13: Raman spectra of RE[BS3] with RE = Pr, Nd, Sm, Gd and Tb (left) and of Pr[BS3] in 
comparison with ν-B2S3 [260], c-Na3[BS3] [260] and Ba7[BS3]4S [182] (right). 
 
Figure III. 14: Raman shift vs. cation radii [172] (left) and vs. molar masses (right) for RE[BS3] with      
RE = Pr, Nd, Sm, Gd and Tb. The selected modes originate from RE–S vibrations. 
 
Figure III.15: TGA plots of Pr[BS3] and Nd[BS3]. Tmax = 1773 K; heating rate 10 K/min; cooling rate 
20 K/min. 
 
Figure III.16: TGA plot of Gd[BS3] in comparison with TGA plot of B2S3. Tmax = 1773 K; heating rate 
10 K/min; cooling rate 20 K/min. 
 
Figure III. 17: Comparison of the measured and calculated powder X-ray diffraction patterns of          
μ-Gd2S3. 
 
Figure III. 18:  Representation of the crystal structure of μ-Gd2S3. 
 
Figure III. 19: Magnetic susceptibility and inverse magnetic susceptibility vs. temperature, and 
isothermal magnetisation at T = 1.8 K for Gd[BS3] (left) and Tb[BS3] (right). 
 
Figure III. 20: Magnetic susceptibility, inverse magnetic susceptibility vs. temperature, and isothermal 
magnetisation at T = 1.8 K for Sm[BS3]. The field indipendant transition is indicated by an arrow in 
the inset of the bottom graph. 
 
Figure III. 21: X-ray absorption spectra of Sm[BS3] (energy range close to Sm LIII absorption edge) 
with Sm2O3 as reference material at different temperatures. 
 
Figure III. 22: Comparison of the powder X-ray diffraction patterns of Sm[BS3] obtained at 30 K 
showing the differences in intensities.  
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Figure III. 23: Comparison of observed (30 K) and calculated (Rietveld refinements) powder X-ray 
diffraction patterns of Sm[BS3]. 
 
Figure III. 24: Unit cell volumes (V) of Sm[BS3] vs. temperature and respective linear fit for data 
collected in the range 84 K – 226 K. Data obtained at 30 K and 39 K were excluded for the linear fit. 
 
Figure III. 25: Lattice parameters of Sm[BS3] vs. temperature and respective linear fits for data 
collected in the range 84 K – 226 K. The data obtained at 30 K and 39 K were excluded for the linear 
fit. 
 
Figure III. 26: Comparison of the observed powder X-ray diffraction patterns at 298 K and 30 K of 
Sm[BS3]. 
 
Figure III. 27: Observed powder X-ray diffraction patterns of Sm[BS3] at 30 K and 100 K and 
calculated peak positions in the 1/d region from 0.10 1/Å to 0.25 1/Å (top) and  from 0.10 1/Å to    
0.19 1/Å (bottom) for (a) translationengleiche subgroups-I, (b) isomorphic subgroups-IIc. 
 
Figure III. 28: Comparison of powder X-ray diffraction patterns of the reaction products from the 
experiments 1, 2, 3, 4 and 7, (as listed in the Table III. 11) with the calculated diffraction pattern of 
GdS1.82 [57]. 
 
Figure III. 29: Comparison of the powder X-ray diffraction patterns of the reaction products obtained 
in experiments 4 and 5 (as listed in the Table III. 11) with the calculated diffraction pattern of GdS1.82 
[57]. 
 
Figure III. 30: Comparison of the powder X-ray diffraction patterns of the reaction products obtained 
in experiments 7 and 8 (as listed in the Table III. 11) with the calculated diffraction patterns of GdS1.82 
[57] and Gd[BS3]. 
 
Figure III. 31: Comparison of the powder X-ray diffraction patterns of the reaction products obtained 
in experiments 9 and 10 (as listed in the Table III. 11) with the calculated diffraction patterns of 
Gd9B5S21. 
 
Figure III. 32: Comparison of the powder X-ray diffraction patterns of the reaction products obtained 
in experiments 5 and 6, (as listed in the Table III. 11) with the calculated diffraction patterns of 
Gd9B5S21 and GdS1.82 [57]. 
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Figure III. 33: Comparison of the powder X-ray diffraction patterns of the reaction products obtained 
in experiments 6 and 9, (as listed in the Table III. 11) with the calculated diffraction patterns of 
Gd9B5S21. 
 
Figure III. 34: The ternary system RE–B–S. 
 
Figure III. 35: X-ray powder diffraction patterns (observed and calculated (Rietveld refinements)) of 
Gd9B5S21. 
 
Figure III. 36: Detail of the crystal structure of Gd9B5S21 showing the coordination polyhedron 
(monocapped trigonal prism) around Gd3+ by two [BS3]
3– and three [BS4]
5– units. 
 
Figure III. 37: Infra-Red (a) and Raman (b) spectra of Gd9B5S21 in comparison with the corresponding 
spectra of Gd[BS3]. 
 
Figure III. 38: Comparison of TGA curves for different heating rates of Gd9B5S21 obtained from 
starting mixtures with initial chemical compositions “Gd96Tb4B300S600” and “GdB3S6”. 
 
Figure III. 39: Observed and calculated powder X-ray diffraction patterns of Lu9B5S21. 
 
Figure III. 40: Lattice parameters (left) and unit cell volumes (right) along the RE9B5S21,                   
(RE = Gd – Lu) series. The values of the ionic radii of RE3+ with the CN = 7 were taken from [172]. 
 
Figure III. 41: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) 
of the members of the isotypic series RE9B5S21, (RE = Tb – Yb). In the cases of Tb9B5S21 and 
Yb9B5S21 the Rietveld refinements were performed together with the small amount of hBN, originating 
from the crucible material. In addition, in the case of Tb9B5S21, a larger amount of an unidentified 
phase was present in the sample. Therefore, the Rietveld refinement procedure could not be applied to 
its full extent. 
 
Figure III. 42: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) 
of the Lu9B5S21 (left) and Y9B5S21 (right). 
 
Figure III. 43: Crystal structure of RE9B5S21, (RE = Gd – Lu and Y), viewed along [001] (left) and 
detail of the crystal structure showing the stacking of [BS4]
5– tetrahedra and [BS3]
3– triangles 
propagating along the 63 axes and interconnected by RES6+1 monocapped trigonal prisms (right). 
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Figure III. 44: Detail of the crystal structure of RE9B5S21, (RE = Gd – Lu, and Y), showing the 
coordination polyhedron (monocapped trigonal prism) around RE by two [BS3]
3– and three [BS4]
5– 
groups. 
 
Figure III. 45: 1 1 3 supercell model of the crystal structure of Lu9B5S21 reflecting the most preferred 
arrangement of boron vacancies.  
 
Figure III. 46: Selected area electron diffraction (SEAD) patterns of Lu9B5S21 (a) [310] and (b) [011]. 
No indications for superstructure reflections are observed in the patterns. The forbidden 00l reflections 
with l = 2n+1 are observed due to dynamical effects. 
 
Figure III. 47: ELI isosurfaces calculated in the ordered 1 1 3 supercell model of the crystal structure 
of Lu9B5S21 showing the valence region ELI attractors for the substructures of interest: (left) [BS4]
5–
tetrahedron with isosurface value Y = 1.618 and (right) [BS3]
3– triangles as well as [(S2–)3] 
arrangements stacked along [001] according to the sequence –B–B–– with isosurface values of        
Y = 1.628 and Y = 1.535, respectively, being superimposed. Sulfur atoms are connected by solid lines 
to indicate the main geometrical objects (S4 tetrahedron and S3 triangles). 
 
Figure III. 48: Illustration of a detail of the crystal structure of Lu9B5S21 representing FPLO-calculated 
(left) shifts of the sulfur atoms from the position S1 within the [BS3]
3– unit to position S1' within the 
[(S2–)3] substructure; (right) shifts of the boron atoms from the position B2 within coplanar [BS3]
3– 
units to positions B2’ and B2’’. 
 
Figure III. 49: EXAFS oscillations of Lu9B5S21 and corresponding Fourier transforms in comparison 
with the first-principles calculations based on a  structure model (left) obtained from the Rietveld 
refinements; and modeled on the base of a 1 1 3 supercell (top) (spectra are phase corrected).  
 
Figure III. 50: Comparison of TGA curves of RE9B5S21 (RE = Dy, Lu and Y) and of B2S3. The 
additional effects in the Dy9B5S21 TGA curve above 1220 K probably originate from sudden release of 
gas (B2S3) entrapped in cavities. The TGA curve of Gd9B5S21 is added for comparison reasons. 
 
Figure III. 51: 11B MAS NMR spectra of Y9B5S21 (top), La[BS3] (middle) and hBN (bottom).  
 
Figure III. 52: IR spectrum of Tb9B5S21 in comparison with the IR spectrum of Gd9B5S21 and the 
Raman spectrum of Tb9B5S21.  
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Figure III. 53: Raman spectrum of Y9B5S21 in comparison with the spectrum of Pr[BS3] (single crystal) 
(left); Raman spectrum of Tb9B5S21 in comparison with the spectrum of Tb[BS3] (right). 
____________ 
Figure IV. 1: Comparison of powder X-ray diffraction patterns of the sample with initial composition 
“HoB3Se4” and calculated pattern of ζ-Ho2Se3 [275]. 
 
Figure IV. 2: Powder X-ray diffraction patterns of the samples prepared from the same starting mixture 
but at different temperatures. Comparison with the calculated pattern of ζ-Lu2Se3 [275]. 
 
Figure IV. 3: Schematic representation of the pulse current flow through powder particles inside an 
SPS sintering die, the so called ‘neck’ formation [219, 276]. 
 
Figure IV. 4: Comparison of the powder X-ray diffraction patterns of the “LuB2Se6” (chemical 
composition of the starting mixture) samples, prepared from the elements and from mixture of binaries 
and the elements, with calculated patterns of trigonal selenium and lutetium. 
 
Figure IV. 5: Comparison of the measured and calculated powder X-ray diffraction patterns of 
LuSe1.84. 
 
Figure IV. 6: Representation of the crystal structure of LuSe1.84. 
 
Figure IV. 7: Detail of the crystal structure of LuSe1.84 showing the infinite square sheets of selenium 
atoms, together with bond distances and angles within the infinite square sheets. 
 
Figure IV. 8: Comparison of the calculated X-ray powder diffraction pattern of La2.712Se4 [278] with 
the observed ones obtained from high-temperature experiments in the system La–B–Se. The initial 
chemical compositions of the starting mixtures were “LaB3Se6” and “LaBSe3”. 
 
Figure IV. 9: Observed experimental powder X-ray diffraction patterns of the reaction products (top 
left) obtained in experiments 1, 2, 4 and 5 (as listed in the Table IV. 3) with the calculated diffraction 
pattern of LaSe2 [279]; (top) obtained in experiment 3 (as listed in the Table IV. 3) with the calculated 
diffraction pattern of LaSe2 [this work] and La3Se4 [282]; (bottom left) obtained in experiment 6 (as 
listed in the Table IV. 3). 
 
Figure IV. 10: Comparison of the calculated powder X-ray diffraction patterns of Gd2Se3 [32] and 
Gd2.67Se4 [278] with the observed one obtained from the high-temperature experiment, in which 
starting mixture with initial chemical composition “GdB3Se6” was heated to 1023 K.  
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Figure IV. 11: Observed powder X-ray diffraction patterns obtained from high-temperature 
experiments, in which starting mixtures with initial chemical compositions “GdB2Se6” and “GdB2Se4” 
were heated to 1423 K. 
 
Figure IV. 12: Plot of lattice parameters of Y8Se15-x [47] vs. applied pressure, identified in reaction 
products of the Y–B–Se system. 
 
Figure IV. 13: Comparison of observed powder X-ray diffraction patterns, obtained from reaction 
products in the Y–B–Se system, with the calculated patterns from known binary phases such as 
Y8Se15-x [47] and YSe [70]. Trace amounts of crucible material, hBN, are present in all the samples. 
____________ 
Figure A. 1: Comparison of the observed X-ray powder diffraction pattern, obtained from the reaction 
product of “LuB3S6” heated to 1473 K, in the presence of oxygen, with the calculated ones for Lu2S3 
[283], LuB4 [284], LuB12 [285], Lu2O2S [286] and Lu[BO3] [18]. 
 
Figure A. 2: X-ray powder diffraction patterns (observed and calculated from Rietveld refinements) of 
Pr3LiSiS7. 
 
Figure A. 3: Comparison of the observed and calculated powder X-ray diffraction patterns of the         
ν-Lu2S3. 
 
Figure A. 4: Different views of the crystal structure of ν-Lu2S3.  
____________ 
Scheme II. 1: Schematic representation of the setup used for high-temperature synthetic routes. 
 
Scheme II. 2: Schematic representation of the pulse current flowing through powder particles inside 
the SPS sintering die [220]. 
 
Scheme II. 3: Schematic drawing of a typical XAS spectrum with marked XANES and EXAFS 
regions. 
 
Scheme II. 4: Schematic representation of the experimental setup for XAS experiments. The primary 
beam (a) passes through the first ionization chamber IC-1 with the intensity I0, then passes through the 
sample (b) and the rest intensity I1 is measured in the second ionization chamber IC-2. Thereafter, the 
beam passes through the reference sample (c), and the rest intensity I2 is then measured in the third 
ionization chamber IC-3. 
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Table I. 1: Overview of known RE sesquisulfides and sesquiselenides. 
 
Table I. 2: Known phases in the RE–B–O systems. 
 
Table I. 3: Structurally characterized thio- and selenoborates and mean B–S(Se) distances (Å) [1, 171]. 
Perchalcogenoborates and subvalent thio- and selenoborates are listed separately in the Tables I. 4 and 
I. 5, respectively. 
 
Table I. 4: Structurally characterized perthio- and perselenoborates and mean B–S(Se) and S–S /      
Se–Se distances (Å)  [1, 171].  
 
Table I. 5: Structurally characterized subvalent thio- and selenoborates and mean B–S(Se) distances 
(Å) [1, 171]. 
____________ 
Table II. 1: Sources and purity of rare earth metals used. 
 
Table II. 2: Overview of edge energies, sample weights and reference materials used for the XAS 
experiments in this work. All rare earth oxides (reference materials) were used as purchased 
(ChemPur, powder, 99.9 %). 
____________ 
Table III. 1: Experimental conditions for the syntheses of the compounds RE[BS3], RE = La – Nd, Sm, 
Gd, and Tb, by Hp – HT preparation route. 
 
Table III. 2: Unit cell parameters of compounds RE[BS3] (RE = La – Nd, Sm, Gd, and Tb), space 
group Pna21. The data presented refer to the RE[BS3] (RE = La – Nd) samples obtained by the high-
temperature route and to RE[BS3] (RE = Sm, Gd, and Tb) obtained by the Hp – HT route. 
 
Table III. 3: Crystallographic data and details on powder data collection and structure refinements for 
compounds: RE[BS3] (RE = La, Ce, Nd, Sm, Gd, and Tb). λ (Cu Kα1) = 1.54056 Å,                     
λ (Cr Kα1) = 2.2897 Å and λ (Mo Kα1) = 0.70930Å. 
 
Table III. 4: Crystallographic data and details on powder and single crystal data collection and 
structure refinements of Pr[BS3]. 
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Table III. 5: R values of EXAFS fits for Pr[BS3] with starting models from the Rietveld refinements 
performed for X-ray powder diffraction data obtained by using the Cu Kα1 and Mo Kα1 radiation, as 
well as from the single crystal X-ray diffraction analysis. 
 
Table III. 6: Local structure information around Pr atoms in the crystal structure of Pr[BS3], obtained 
from the analysis of EXAFS oscillations. Overall amplitude factor S : 0.536; Independent points: 
18.76, Number of variables in fit: 9, R-factor; 0.021; χ2: 821.73, reduced χ2: 14.28, k-space interval:   
[3 : 8]; R-space interval: [1 : 6]. 
 
Table III. 7: Interatomic distances (Å) within the coordination polyhedra around RE cations and bond 
lengths and angles (°) within the [BS3]
3– units in the crystal structures of RE[BS3] (RE = La – Nd, Sm, 
Gd, Tb) at ambient temperature, including data from single crystal refinements of Pr[BS3] and 
refinements from low temperature measurements Sm[BS3] (30K and 100 K) using synchrotron 
radiation. 
 
Table III. 8: Fractional atomic positions and isotropic displacement parameters of μ-Gd2S3. 
 
Table III. 9: Lattice parameters and unit cell volumes of Sm[BS3] at different temperatures. 
 
Table III. 10: The values of the y-intercepts (A) and slopes (B) obtained from the linear fits of the 
dependence of lattice parameters vs. temperature for Sm[BS3] and the estimated relative linear 
thermal-expansion coefficients. 
 
Table III. 11: Compositions of the starting mixtures of the elements used for Hp – HT reactions 
together with experimental parameters and reaction products in the Gd–B–S system doped with Ce, Eu 
or Tb. 
 
Table III. 12: Crystallographic data, details on powder X-ray diffraction data collection and structure 
refinements for Gd9B5S21.  
 
Table III. 13: Interatomic distances within the coordination polyhedron around Gd3+ in the crystal 
structure of Gd9B5S21. 
 
Table III. 14: Unit cell parameters of compounds RE9B5S21, (RE = Gd – Lu, and Y), space group P63. 
 
Table III. 15: Crystallographic data and details on powder X-ray diffraction data collection and 
structure refinements for the isotypic compounds: RE9B5S21 (RE = Tb – Lu, and Y). 
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Table III. 16: Interatomic distances (d, Å) within the coordination polyhedra around the RE cations as 
well as bond lengths (Å) and angles (°) within [BS3]
3– and [BS4]
5– complex ions in the crystal 
structures of RE9B5S21, (RE = Tb – Lu and Y). 
 
Table III. 17: Comparison of the total energies of the six possible 1 1 3 supercell models of the 
crystal structure of Lu9B5S21 with different vacancy arrangements. 
 
Table III. 18: Local structure information around Lu atoms in the crystal structure of Lu9B5S21, 
obtained from the analysis of EXAFS oscillations. Overall amplitude factor S : 0.527; Independent 
points: 53.65, Number of variables in fit: 13, R-factor; 0.023; χ2: 847.76, reduced χ2: 20.86, k-space 
interval: [2 : 14.152]; R-space interval: [1 : 6]. 
 
Table III. 19: R values of EXAFS fits of Lu9B5S21 with starting models from the Rietveld refinements 
(assuming vacancies on B1 and B2 site, respectively) as well as from the 1 1 3 supercell model with 
the lowest total energy. 
 
Table III. 20: Overview of the “sublimation” temperatures of B2S3 in RE9B5S21 with RE = Gd, Dy, Lu 
and Y. 
____________ 
Table IV. 1: Crystallographic data and details on powder data collection and structure refinements for 
LuSe1.84. 
 
Table IV. 2: Interatomic distances (Å) within the coordination polyhedron around Lu3+ in the crystal 
structure of LuSe1.84. 
 
Table IV. 3: Overview of several Hp – HT experiments in the system La–B–Se. 
 
Table IV. 4: Overview of lattice parameters of the binary phase Y8Se15-x [47] identified in the Y–B–Se 
system reaction products. 
____________ 
Table A. 1: Different structure types of rare earth polyselenides and polysulfides. 
 
Table A. 2: Overview of nonstoichiometric rare earth hexaborides. 
 
Table A. 3: Unit cell parameters of RE3LiSiS7. 
 
Table A. 4: Unit cell parameters of Pr[BS3] obtained from different preparation routes. 
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Table A. 5: Unit cell parameters of Nd[BS3] obtained from different preparation routes. 
 
Table A. 6: RE[BS3] (RE = La – Nd, Sm, Gd, Tb): Fractional atomic coordinates and isotropic 
displacement parameters, obtained from powder X-ray diffraction refinements. 
 
Table A. 7: Atomic coordinates (top) and displacement parameters (bottom) for Pr[BS3], obtained 
from single crystal X-ray diffraction refinements. 
 
Table A. 8: Crystallographic data and details on powder data collection and structure refinements for 
μ-Gd2S3. 
 
Table A. 9: Fractional atomic coordinates and isotropic displacement parameters in the crystal 
structure of Gd9B5S21, obtained from powder X-ray diffraction refinements. 
 
Table A. 10: Crystallographic data and details on powder data collection and structure refinements for 
ν-Lu2S3. 
 
Table A. 11: Fractional atomic coordinates and isotropic displacement parameters in the crystal 
structure of the ν-Lu2S3, obtained from powder X-ray diffraction refinements. 
 
Table A. 12: Fractional atomic coordinates and isotropic displacement parameters in the crystal 
structures of RE9B5S21, (RE = Tb – Lu), obtained from powder X-ray diffraction refinements. 
 
Table A. 13: Fractional atomic coordinates and isotropic displacement parameters in the crystal 
structure of Y9B5S21, obtained from powder X-ray diffraction refinements. 
 
Table A. 14: Fractional atomic coordinates, atom site occupancies and isotropic displacement 
parameters of LuSe1.84, obtained from powder X-ray diffraction refinements. 
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